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Abstract 

This review covers the literature between 1990 and 2019. NMR of transition metal 

nuclides, such as 45Sc and 199Hg, and -atoms of ligands is discussed, with the exception of 1H, 

13C, 19F and 31P. Complexes of the 32 transition metals, including La, Lu and Ac, are arranged 

into ten sections based on the groups in the periodic table. Later, properties (and features) 

shared by complexes of three or more transition metals are summarized. At the end, an 

overview is given about advanced NMR techniques and methods. 
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1. Introduction 

Solution NMR, especially 1H, 13C, 19F and 31P NMR of ligands, is now among the most 

widely used spectroscopies to characterize transition metal complexes - their structures and 

reaction mechanisms. Many methods, including those to obtain NMR of metal nuclides, became 

fairly mature before 1990, leading to their extensive uses over the past 30 years.  

NMR of transition metal nuclides can provide direct information about physical and 

chemical environments of the metal centers, and it was the subject of a 1991 book edited by 

Pregosin and completed in 1990.1 Earlier, Harris and Mann edited the 1978 book “NMR and the 

Periodic Table”,2 and Mason edited the 1987 book “Multinuclear NMR”,3 summarizing the 

achievements on NMR of transition metal compounds to the times. Since 1991, there have been 

books4-8 and reviews9-11 on fundamentals of NMR as well as selected subjects, including a 2016 

book on NMR of paramagnetic molecules5 and a 1993 review on paramagnetic metalloproteins9 

by Bertini and coworkers, a 2013 book on NMR in organometallic chemistry by Pregosin,6 a 

2011 review on NMR applications in inorganic chemistry,11 a 2004 book about how to 

conduct >200 NMR experiments by Berger and Braun,8 a 1997 book on NMR of non-metallic 

elements,12 a 1996 book on applications of NMR to organometallic chemistry,13 a 1996 article 

on NMR of metallic nuclei in clusters,14 and a 1991 review on transition metal NMR of 

organometallic compounds.10 A special 2008 issue of Coord. Chem. Rev. edited by Pregosin 

was published on the applications of NMR to inorganic and organometallic chemistry, covering 

some 15 topics.15 

Solution NMR of transition metal complexes was not covered in Comprehensive 

Inorganic Chemistry II published in 2013.16 The first edition, Comprehensive Inorganic 

Chemistry, was published in 1973.17 Given that the 1991 book on the NMR of transition metal 

nuclides reviewed the literature till early 1990,1 we decided to cover the literature on the solution 

NMR of transition metal complexes between 1990 to 2019. Publications on the subject in 

SciFinder over the 30-year period were selected for consideration here. For each transition 
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metal, nuclear properties of NMR-active nuclide(s) are briefly reviewed, followed by discussion 

of main papers on the NMR of the metal nuclide(s). Given the large number of papers on the 

solution NMR of complexes of 32 transition metals (including La, Lu18-19 and Ac) over the 30 

years, we were able to review only part of the literature on the subject. In other words, this is not 

a comprehensive review. Our goal is to give an overview of the solution NMR of transition metal 

compounds reported in 1990-2019, providing the reader a general understanding of the 

developments during the period. 

For the 4th-row transition metals including Lr (lawrencium), other than one paper on the 

31P NMR spectrum of a ligand in an Ac complex,20 we did not find papers on NMR of these 

elements. 

For the ligands in metal complexes, the focus of the current review is on NMR of -

atoms on the ligands bound to the metal atom. Since 1H, 13C, 19F and 31P NMR is extensively 

used, these nuclides are generally not discussed in this review, except when they are part of 

special techniques or rarely used for the transition metals. The reader may find more detailed 

discussion of NMR of the non-metallic elements in the 1997 book by Berger, Braun, and 

Kalinowski,12 and a 1996 article on the 29Si NMR in organometallic compounds.21 

Unless noted, the chemical shifts cited in this review are at room temperature. 

Quadrupolar nuclides [nuclear spin >1/2;22-23 quadrupole moment Q (or more precisely 

the geometrical part of the quadrupole moment eQ) ≠ 0] in non-cubic (i.e., non-Td or non-Oh) 

complexes usually give relatively broad NMR peaks of the nuclides, as a result of short T1 and 

T2 (relaxation times) from efficient quadrupolar relaxation processes.22 Among the 43 NMR-

active, transition metal nuclides, 32 have a quadrupole moment.24 NMR properties of complexes 

with these quadrupolar nuclides were a subject of a 2007 review.24 

Peak widths and errors in the chemical shifts and other properties, including natural 

abundances of nuclides25 and kinetic and thermodynamic parameters of chemical reactions, are 

not listed in the current review. Certain details, such as solvents used to make the NMR 



6 
 

solutions and coupling constants are generally not provided. The author may find the 

information in the references. For coupling constants JA-B listed in the current review, the mass 

numbers of the element A or B are not listed (as in 1JNb-F), unless there is more than one NMR-

active nuclide for A or B (as in 1J51V-C or 1J51V-
15

N). 

After NMR of each transition metal is discussed, a section is devoted to the properties 

(and features) shared by complexes of three or more transition metals. Afterwards, advanced 

NMR techniques and methods are summarized. 

 IUPAC (International Union of Pure and Applied Chemistry) made recommendations in 

2001 (IUPAC Recommendations 2001) about a unified scale to report the NMR chemical shifts 

of all nuclides relative to the 1H resonance of SiMe4 (tetramethylsilane or TMS).26 Additional 

recommendations for NMR shielding and chemical shifts (IUPAC Recommendations 2008) were 

published in 2008.27 The unified scale is based on a precise ratio (in %), Ξ, of the resonance 

frequency of a given nuclide to that of the 1H resonance of TMS in dilute solution (volume 

fraction < 1%) in chloroform. In essence, Ξ is the frequency (MHz) of the nuclide relative to that 

of 1H at 100.000000 MHz. Advantage of the unified scale that its use avoids direct handling of 

any secondary references.26 For example, this unified scale for 103Rh NMR [Ξ = 3.186447% for 

Rh(acac)3 in saturated CDCl3]27 has been used in reporting shifts of Rh complexes.28-31 Here, 

3.186447 MHz is the frequency of the 103Rh resonance of Rh(acac)3 at 0 ppm in the same 

magnetic field where the 1H resonance of SiMe4 occurs at 100.000000 MHz. 

 

2. Group 3 (Sc, Y, La, Lu and Ac) 

 For Sc, Y and La, NMR of both the metals (45Sc, 89Y, 139La) and ligands have been 

reported. For Lu and Ac, we found only papers on NMR of ligands. Nuclear and NMR properties 

of the nuclides, including recommended and commonly used references, are given in Table 1. 
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Table 1.26 Nuclear and NMR properties of 45Sc, 89Y, 139La, 175Lu and 227Ac 

Nuclide 

Natural 

abun-

dance 

(%)a 

Spin 

Relative receptivityb 
Gyromagnetic 

ratio (107) 

(rad s-1 T-1) 

Quadrupole 

moment Q 

(fm2)  

Ξ (and 

frequency 

MHz; 1H = 

100 MHz, 

2.3488 T)c 

Reference 

sample DH 

(1H = 1.00) 

DC 

(13C = 1.00) 

45Sc 100 7/2 0.302 1.78 x 103 6.5087973  -22.0 24.291747 
Sc(NO4)3 

(aq) 

89Y 100 1/2 1.19 x 10-4 0.700 -1.3162791  — 4.900198 
Y(NO3)3 

(aq) 

138La 0.08881 5 8.46 x 10-5  0.497 3.557239 45.0 13.194300 

LaCl3 (aq) 

139La 99.91119 7/2 6.05 x 10-2 356 3.8083318 20.0 14.125641 

175Lud 97.401 7/2 3.12 x 10-2 e 156e 3.0552 349.0 (11.404)e — 

227Ac 

(t1/2 = 

21.772 

year)32 

— 3/2 — — 3.5 170 13.1 — 

a Unless noted, the isotopes are stable. The natural abundances are based on the data by the US National Institute of 

Standards and Technology (NIST).25 

b DH and DC are receptivities relative to those of 1H and 13C, respectively.26 

c Ξ is the ratio of the secondary (isotope-specific) frequency to that of 1H in SiMe4 (TMS) in dilute solution (volume 

fraction, ϕ < 1%) in chloroform in the same magnetic field.26 It is used for a recommended unified scale for reporting 

the NMR chemical shifts of all nuclei relative to the 1H resonance of TMS. 

d Although we did not find reports of 175Lu and 227Ac NMR, they are listed here for comparison. 

e Values in brackets are approximate (calculated from the gyromagnetic ratios). 

 

2.1. Scandium complexes 

 45Sc NMR is feasible because of 100% natural abundance of 45Sc nuclide, its NMR 

frequency (close to that of 13C NMR), and high relative sensitivity (Table 1). In addition to 

Sc(ClO4)3 (aq), aqueous solutions of Sc(NO3)3 and ScCl3 (including in D2O) were used as 
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standards or external standards.1,33 In low pH, dilute (≤ 0.1 M) solution of Sc(H2O)6
3+, the nearly 

ideal Oh symmetry of the cation minimizes 45Sc peak broadening by quadrupole relaxation. For 

diamagnetic compounds, 45Sc shifts of diamagnetic complexes typically range from 396 ppm for 

Sc[N(SiMe3)2]3 to -50 ppm for Sc[(Me2N)2C=O]63+.34 Line widths of 45Sc peaks are often reported 

mostly because of quadrupole-dominated relaxation.1 

45Sc NMR of scandium salts, including halides, nitrate, sulfate, and phosphate, was 

discussed in a 2017 review.35 Periodate [Sc(H2O)3][IO4(OH)2] in aqueous periodic acid showed a 

broad 45Sc peak (δ 22) at 77 °C.36 

45Sc NMR was used to characterize halide and nitrate complexes with additional ligands 

listed below: (a) Phosphines, phosphine oxides and arsine oxides, including Sc(dmpe)2I3 (δ 361; 

dmpe = Me2PCH2CH2PMe2),37 Sc(O=PPh3)3Cl3 (δ 121),38 Sc(O=PPh3)2(NO3)3 (δ -7.5),39 and 

[Sc(O=AsMe3)6](NO3)3 (δ 58.0);40 (b) Oxo-,41-42 thio-,43 seleno-43 and aza-crowns,41 including 

[Sc(15-crown-5)Cl2]SbCl6 (δ 127.6),41 [Sc(18-crown-6)Cl2]FeCl4 (δ 132),42 and its S- and Se-

analogs [Sc([18]aneO4E2)Cl2]FeCl4 [E = S, δ 204; Se, δ 205; [18]aneO4E2 (1)];43 (c) N,N,N 

ligands, including Sc(terpyridine)Cl3 (δ 254)44 and R3-tacn [1,4,7-trisubstituted-1,4,7-

triazacyclononane (2)] such as Sc(R3-tacn)F3 [R3 = Me3 or Me2(CH2Ph), both δ 104],44 Sc(Me3-

tacn)Cl3 (δ 300),44 and Sc(Me3-tacn)Me3 (δ 626) as an organometallic derivative.45 

 

      

                            (1)        (2)                (3)        

 

45Sc NMR properties of several new organometallic complexes, including ScMe3(THF)x 

(δ 601.7) and Sc(CH2SiMe3)3(THF)2 (δ 745.0), were summarized and compared with those 
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reported before 1990.34 ScX3 [X = 1,3-bis(1,3-dimethyl-1H-pyrazol-4-yl)-1,3-propanedionate (3); 

45Sc δ = 96.9] with dipyrazole-substituted 1,3-diketonate ligands was found to have unusual 

electroluminescent properties for organic light-emitting diode (OLED) applications.46 

Endofullerenes, i.e., fullerenes containing atoms, ions or clusters enclosed within their 

inner spheres, are one major focus of research using 45Sc NMR.47-48 Sc-containing 

endofullerenes, include those with Sc-carbide,47 -nitride (such as Sc3N@Ih-C80
49),47 -oxide,47 -

sulfide,50-51 and -cyanide52 clusters. These endofullerenes were the focus of a 201447 and a 

201548 monograph, including a review on NMR properties,48 and a 2014 review on redox 

properties.53 Several publications on the subject have been published since 2014.54-59 Both size 

and symmetry of the fullerene cages significantly affect 45Sc shifts of encapsulated clusters.55,58 

Often the Sc clusters rotate inside the cages, leading to broad 45Sc NMR peaks.59 Motion of the 

cluster in Sc3N@Ih-C80 was probed by variable-temperature (VT) 45Sc NMR and compared with 

dynamics of other endofullerenes.54  

45Sc and 13C NMR studies of MSc2N@Ih-C80 (M = Y, lanthanide) were performed to study 

the effect of unpaired f electrons on the NMR properties.60 Here, the endofullerenes, some with 

paramagnetic cages, were classified into three groups: (a) Diamagnetic MIII (Y, La, Lu); (b) MIII 

with oblate-shape 4f density (Ce, Pr, Nd, Tb, Dy, Ho); (c) MIII with prolate-shape 4f density (Er, 

Tm). For lanthanide M(III) ions with oblate and prolate 4f electron densities, see Reference 61. 

While 45Sc NMR shifts of diamagnetic MSc2N@Ih-C80 are in the range noted earlier in this 

section, paramagnetic DySc2N@Ih-C80 and ErSc2N@Ih-C80 are at δ 1892 and δ -233, 

respectively.60 In addition, for paramagnetic MSc2N@Ih-C80 containing MIII ions with oblate and 

prolate f electron densities, 45Sc peaks are more deshielded and shielded, respectively, than 

those of the diamagnetic analogs.60 The paramagnetic NMR data were interpreted by ligand 

field calculations.  

The cage complex Sc3N@Ih-C80 was synthesized in another study and the complex was 

investigated via 45Sc and 14N NMR.62 The 14N NMR spectroscopy was utilized to probe the 
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dynamic motional processes inside the cage at room temperature. M3N@Ih-C80 (M = Y and Lu) 

were synthesized and studied as well.62 The 14N signals for the Sc(III), Y(III), and Lu(III) 

complexes were observed at δ 292.0, 381.7 and 395.9, respectively.62 In variable-temperature 

(VT) NMR studies of the Sc(III) complex, the 14N signal became slightly more shielded (δ 394.1-

397.7) and narrower.62 

Radionuclides 44Sc (β+, t1/2 = 3.97 h) and 47Sc (β-, t1/2 = 3.35 day) are of interest for 

therapeutic and medical imaging applications.63 Thermodynamics and kinetics of coordination 

between Sc(III) ion and a variety of ligands, such as tetraaza-12-crown-4-tetraacetic acid [dota 

(4)],33 its monophosphorus acid derivatives63 and diethylenetriamine pentaacetic acid [dtpa 

(5)],33 was studied, including by 45Sc NMR, for the potential applications of the Sc complexes as 

radiopharmaceuticals. 

 

  

                                             (4)          (5)    

 

In two 1994 papers, studies of Sc3+ binding to ovotransferrin, which are proteins with two 

high-affinity Fe3+-binding sites, using 45Sc64-65 and 13C64 NMR were reported. Sc3+ with ionic 

radius slightly larger than that of Fe3+ was found to be a good probe for the Fe3+-binding sites. 

For NMR of ligands, 11B NMR was used to characterize the new half-sandwich scandium 

boryl complex Me2Si(C5Me4)(NPh)Sc[B(NDippCH)2](μ-Cl)Li(thf)3 (6, Dipp = 2,6-Pri
2-C6H3, δ 

37.0).66 Reaction of 6 with CO led to CO insertion into the Sc-B bond in 6 (Figure 1) yielding the 

Sc(III) boryl oxycarbene complex Me2Si(C5Me4)(NPh)Sc[η2-OCB(NDippCH)2](thf) (7, δ 16.9).67  
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(6)      (7) 

Figure 1. Formation of 7 from 6. 

 

2.2. Yttrium complexes 

 89Y NMR is attractive, as 89Y is a spin 1/2 nuclide at 100% natural abundance, leading to 

sharp peaks and observations of small couplings with other nuclides.1 In addition, large nuclear 

Overhauser enhancement factor (NOEF) values are possible,68 when 89Y is relaxed by dipolar 

interactions with other nuclei. However, a few properties of the nuclide (Table 1) make 89Y NMR 

challenging, including slow spin-lattice relaxation, a low magnetic moment, low receptivity, and 

low measuring frequency.69 89Y shifts of diamagnetic organometallic complexes mostly fall within 

δ 895.070-81 and δ -169.5 for Cp2Y[N(PPh2S)2] [with a chelating ligand N(PPh2S)2
- (8)].79 

 

 

(8)     (9) 

 

89Y NMR has been used to probe coordination of Y(III) ions to N- and O-containing 

ligands, including macrocyclic ligands82-83 [such as N,N′-bis(propylamide)ethylenediamine-N,N′-

diacetic acid (9)],84 NCS-,85 and solvent mixtures of dimethylformamide (dmf), as well as 

dimethylacetamide,86 and Y(thd)3 [89Y δ 163; thd = ButC(=O)CHC(=O)But-].87 89Y shifts of 
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complexes with phosphine oxide (O=PR3),39 arsine oxide (O=AsR3)40 and derivative88 ligands 

were reported. 31P-89Y shift correlation was used to probe speciation of Y(NO3)3·6H2O with 

O=PPh3.89 Shifts of Y alkoxide90-91 and siloxide92 complexes were also reported. These 89Y shifts 

are within the δ 895.0 to -169.5 range noted above. 

 [Y(H2O)3][IO4(OH)2] dissolved in excess hot aqueous H5IO6 and recorded at 350 K gave 

the 89Y resonance at δ 10.36  

Organometallic complexes comprise a large of number of papers.70-81 89Y NMR was 

found to be a potentially useful diagnostic probe of the ligand environment.70 The 89Y shifts of a 

series complexes such as Cp*2Y(OAr) (δ -129.3; Cp* = η5-C5Me5
-; Ar = 2,6-But

2-C6H3), 

Cp*Y(OAr)2 (δ 21.0), Cp*2YCH(SiMe3)2 (δ 78.9), Y[N(SiMe3)2]3 (δ 570.0), Y(OAr)3 (δ 168.4), and 

Y[CH(SiMe3)2]3 (δ 895.0) led to calculated group contributions to the 89Y shift of, e.g., -100 ppm 

for Cp*, 56 ppm for OAr, 190 ppm for N(SiMe3)2, and 298 ppm for CH(SiMe3)2.70 Application of Y 

complexes with metallocene, linked Cp-amide, methyl or their analog ligands as olefin 

polymerization catalysts was a driving force.71-74 DFT methods were used to calculated 89Y NMR 

shifts in organometallic complexes containing Cp, alkyl, hydride, and aryloxide ligands with 

agreement between predicted and experimental shifts typically within ±70 ppm (~5% of ca. 1300 

ppm range).93 

89Y NMR was one of techniques to probe speciation of [Y2(bet)6(H2O)4](NTf2)6 (Hbet+ = 

betainium) in ionic liquid betainium bis(trifluoromethylsulfonyl)imide [(Hbet)(NTf2) (10)] at 363 K 

with one 89Y peak at δ 37.7.94 

[Y6O(OH)8(NO3)6(H2O)12]2+ stabilized as nanoaggregates in ethylene glycol (EG) showed 

liquid-state of 89Y resonance at δ 78 at 50 °C, comparing to δ -22 for Y(NO3)3·6H2O in EG.95 
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(10)                   (11) 

 

89Y data on carboxylate and aminocarboxylate complexes in aqueous solution, such as 

Y(edta)- (δ 129.6), Y(dtpa)2- (δ 82.2) and Y3+:malonate (δ 7.9), were summarized.96 Adding to 4f7 

Gd(ham)3+ [ham = hexaazamacrocycle (11)] or Gd(dtpa)2- as a paramagnetic relaxation agent to 

Y(dtpa)2- solution in D2O led to shortening of the spin-lattice relaxation time T1 and signal/noise 

(S/N) enhancement of the 89Y peak.97 89Y NMR was used to probe Y3+ binding to parvalbumin, a 

calcium-binding protein involved in calcium signaling, with the assistance of Gd(dtpa)2-.96 89Y 

and 13C T1 relaxation times in a mixed GdIII/YIII complex ligand containing two monophosphinate 

triacetate dota-like units provided useful structural information.98 

Dynamic nuclear polarization NMR (DNP NMR) was developed to significantly increase 

89Y sensitivity by creating nuclear spin polarization levels much higher than Boltzmann levels at 

ambient temperature.99-100 DNP was based on the transfer of electron spin polarization from a 

stable free organic radical, which had been irradiated by microwave near the EPR frequency, to 

coupled 89Y nuclei in a frozen glass matrix at ∼1 K. The radical included TEMPO [(2,2,6,6-

tetramethylpiperidin-1-yl)oxyl (12)]100-101 and hydroxyethyl tetrathiatriarylmethyl radical OX063 

(13).100 In the so-called “dissolution-DNP” process, the frozen sample was then rapidly dissolved 

and warmed up to room temperature before collecting NMR data, while retaining much of the 

polarization built up in the solid state.100-101 DNP NMR may lead to >60,000-fold enhancement of 

89Y NMR signal.100 Such hyperpolarized Y complexes were pH-sensitive NMR probes99 and 

used to probe kinetics of Y-ligand complexation101 with potential for direct imaging of metal ions 

in biological systems by magnetic resonance.100 
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    (12)                                    (13) 

  

For NMR of ligands, the dissociation of dimer (Cp*2YH)2 to the monomer was studied via 

VT 1H NMR.102 Below -40 °C, the hydride ligand was coupled to two 89Y nuclei making a sharp 

triplet. As the temperature was raised, the hydride resonance shifted and broadened. This was 

attributed to the increasing rate of dissociation and the loss of the hydride coupling to the 89Y 

nuclei.102 

 

2.3. Lanthanum complexes 

139La is one of two NMR-active nuclides and the only one used in studies of La 

complexes that we found in 1990-2019, as indicated in Table 1. The other nuclide, 138La (spin 

5)32 with low (0.08881%) natural abundance and a fairly large quadrupole moment, is not 

practical for NMR studies.1 139La shifts of diamagnetic complexes are typically between δ 1090 

for (Bun
4N)3(LaBr6) and δ -772 as one of two peaks for Cp4La− anion.1 Line widths of 139La peaks 

were often reported mostly because of quadrupole-dominated relaxation.1 

139La NMR was used to probe coordination of La(III) ions to N- and O-containing ligands, 

including macrocyclic ligands,82 D-ribose with LaCl3 in aqueous solution,103 acetohydroxamic 

acid [MeC(=O)NHOH] with La(ClO4)3,104 and p-sulfonatocalix[4]arene with LaCl3.105 139La NMR 

was also used to study MeOH-substituted lanthanum halides, including [La(H2O)7(MeOH)2]Br3 

(δ -32.7), LaBr3(MeOH)5 (δ -34.7), [(MeOH)4Cl2La(μ-Cl)]2 (δ -31.2), and [La(MeOH)9]I3•MeOH (δ 

-35.1).106 Interactions of ZnCl2 with La(dtpa) and other La(III) complexes containing dtpa 
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derivative ligands have been probed by 139La NMR.107 Multinuclear NMR study, including the 

use of 139La NMR, was performed to study the La(III)-catalyzed alkylation of ethylene glycol with 

maleate.108  

Addition of H5IO6 to aqueous solution of La(NO3)3 gave a 139La resonance at δ 11.36 

Organometallic complexes studied by 139La NMR include those with allyl ligands  

La(η3-C3H5)2X·2THF (X = Cl-, δ 520; Br-, δ 550; I-, 585),109 La(η3-C3H5)3•L [L = MeOCH2CH2OMe 

(dme), δ 440;110 Me2NCH2CH2NMe2 (tmed), δ 475;110 2O=P(NMe2)3, δ 285;110 1,5-dioxan, δ 

440109], and Cp and Cp* allyl complexes, CpLa(η3-C3H5)2(1,5-dioxan)0.2 (δ 13), Cp*La(η3-C3H5)2 

(δ 95), Cp2La(η3-C3H5) (δ -214), and Cp*2La(η3-C3H5) (δ -167).111 139La shift of Cp3La•L are δ -

560 for L = thf111 and δ -558 for triindenyl complex (C7H9)3La•thf.112 139La NMR was used to 

study Schlenk-type equilibria for cyclopentadienyl complexes Cp3La, CpLaI2, and [(η5-1,3-

R2C5H3)2La(μ-Cl)]2 (R = SiMe3) as well as with bimetallic complexes X2La-Ru(CO)2Cp (X = Cp-, 

η5-1,3-R2C5H3
-).113 

139La NMR of endofullerenes was reported, including La2@C72 (δ -575.6),114 

La2@Cs(17490)-C76 (δ -617.8),115 La2@C80 (δ -402.6)114 and silylated116 and pyrrolidine117 

derivatives as well as the anion of La@C82 (δ -470) and derivatives.118 

Binding of La(III) ions in La(NO3)3 to aqualysin I, a heat-stable protease with two Ca2+-

binding sites, was probed by 139La NMR.119 

For NMR of ligands, La(III) was added to a solution containing dcf [dcf = methyl 

dicarboxy-α-D-fructofuranoside (14)] and the product was studied via 17O NMR in order to seek 

evidence of a fourth donor cite in this ligand in the complex La(dcf)2
-.120 The dihedral angles of 

the protons were estimated from the coupling constants J. From the J values, it was determined 

that the arrangement of the ligand around the metal ion effectively allowed for a fourth 

coordination site for the La(dcf) moiety in La(dcf)2
- as shown in 15.120 

 



16 
 

 

(14)           (15) 

 

2.4. Lutetium complexes 

We did not find reports of 175Lu NMR which was also not discussed in the 1991 book 

edited by Pregosin1 or the 1987 book on multinuclear NMR edited by Mason.3 

For NMR of ligands, 15N and 13C NMR was used to characterize Lu isocyanate 

complexes [(H2O)5Lu(NCS)]2+ through [(H2O)Lu(NCS)5]2-.121 The 13C and 15N signals showed a 

noticeable concentration dependence, which was used to identify the signals of the five 

complexes. The 13C and 15N shifts of the mono- to penta-isothiocyanato complexes were all 

more shielded than that of free NCS- (δ -165 referenced to 15NO3
-).121 

 

2.5. Actinium complex 

We did not find reports of 227Ac NMR which was also not discussed in the 1987 and 

1991 books edited by Mason3 and Pregosin,1 respectively. Among Ac isotopes which are all 

radioactive, 227Ac has the longest half-life of t1/2 = 21.772 years20 and is found in traces in 

uranium and thorium ores along with traces of 228Ac (t1/2 = 6.15 hours122).  

Reaction of Ac(III) in nitric acid with 1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetra(methylene)phosphonic acid [H8dotp (16)] gave Ac(dotp)5- which showed a sharp 31P NMR 

resonance at δ 20.2. This peak was 3 ppm deshielded from that of its La(III) analog La(dotp)5-.20 

The NMR spectrum was collected with microscopic reagent quantities (27.8 μg of Ac3+ and 67 

μg dotp8- in 25 μL), giving reasonable S/N within 12 hours.20 
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(16) 

 

3. Group 4 (Ti, Zr and Hf) 

 For Ti and Zr, NMR of both the metals (twinned 47Ti and 49Ti, 91Zr) and ligands have 

been reported. For Hf, we have found only papers on NMR of ligands. Nuclear and NMR 

properties of the nuclides, including recommended and commonly used references, are given in 

Table 2. 

 

Table 2.26 Nuclear and NMR properties of 47Ti, 49Ti, 91Zr, 177Hf and 179Hf 

Nuclide 

Natural 

abun-

dance 

(%)a 

Spin 

Relative receptivity  
Gyromagnetic 

ratio (107) 

(rad s-1 T-1) 

Quadrupole 

moment Q  

(fm2) 

Ξ (and 

frequency, 

MHz; 1H = 

100 MHz, 

2.3488 T) 

Reference 

sample 

DH  

(1H = 1.00) 

DC  

(13C = 1.00) 

47Ti 7.44 5/2 1.56 x 10-4 0.918 -1.5105 30.2 5.637534 

TiCl4 (neat) 

49Ti 5.41 7/2 2.05 x 10-4 1.20 -1.51095 24.7 5.639037 

91Zr 11.22 5/2 1.07 x 10-3 6.26 -2.49743 -17.6 9.296298 
Cp2ZrCl2 

(CH2Cl2) 

177Hfb 18.60 7/2 2.61 x 10-4 1.54 1.086 336.5 (4.007)c 

— 

179Hfb 13.62  9/2 7.45 x 10-5 0.438 -0.6821 379.3 (2.517)c 

a Unless noted, the isotopes are stable. The natural abundances are based on the NIST data.25 
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b Although we did not find reports of 177Hf and 179Hf NMR, they are listed here for comparison. 

c Value in parenthesis was calculated from literature data on nuclear magnetic moments.26 

 

3.1. Titanium complexes 

Ti NMR spectra show both 47Ti and 49Ti peaks with the 49Ti peak more deshielded by 266 

ppm from the 47Ti peak.1 The twinning is a result of very similar gyromagnetic ratios and thus 

NMR frequencies. The 49Ti peak has a better S/N ratio even though the 49Ti natural abundance 

is smaller. The sharper 49Ti signal is a consequence of the larger 49Ti nuclear spin and its 

slightly smaller quadrupole moment. Because of the quadrupole moments, sharp 47Ti and 49Ti 

signals with well-resolved multiplets were only observed for complexes with cubic Oh or Td 

symmetry such as TiF6
2-.1 Line widths of 47,49Ti peaks were often reported mostly because of 

quadrupole-dominated relaxation.1 The range of 47,49Ti shifts for diamagnetic complexes spans δ 

1375 for Ti(CH2CMe2Ph)4
123 to δ -1389 for Ti(-II) Ti(13CO)6

2- [with K(2.2.2-cryptand)+ cation].1 

Selected complexes with reported 47,49Ti shifts are listed in Table 3. 47,49Ti and 13C NMR spectra 

of Ti-containing catalysts were reported, many of which were in Table 3.123 It should be noted 

that shifts of same Ti complexes in different papers may be slightly different.124-128 

 

Table 3. 47,49Ti chemical shifts of selected Ti complexes 

Complexes 47,49Ti shifts (δ) 

TiCl4123 0.0 

TiBr4
123 471.3 

(NH4)2TiF6
123 -1160.9 

Ti(NMe2)4
123 -230 

Ti(NEt2)4
123 -216 
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Ti(OEt)4
129 -825 (CH2Cl2)  

Ti(OPri)4
123 -856 

Ti(OPri)3Cl123 -749 

Ti(OPri)2Cl2123 -598 

Ti(OPri)Cl3123 -358 

Ti(OBut)4
123 -896 

Ti(OCH2But)4
123 -851 

Ti(CH2CMe2Ph)4
123 1375 

CpTiCl3127 -396.5 

(η5-C5H4Me)TiCl3124 -332 

(η5-C5H4SiMe3)TiCl3124 -361 

Cp*TiCl3124 -85 

Cp*TiMe3
126 551 

Tp*TiCl3 [Tp* = tris(3,5-

dimethyl-1-pyrazolyl)borate]129 
-406 

Cp2TiCl2123 -769 

Cp*2TiCl2123 -439 

Cp2TiII(CO)2
129 -1156 

[K(2.2.2-cryptand)]2[Ti(13CO)6]1 -1389 

 

 

49Ti shifts of half-sandwich complexes, including those listed above, were reported in 

several papers.124-128 47,49Ti shifts of (η5-C5H4X)TiCl3 with a silyl-substituted cyclopentadienyl 

ligand (X = SiR3; R3 = Me3, Me2Cl, MeCl2, Cl3, Me2F, MeF2, F3) showed a nearly linear 

relationship with λmax (wavelength of the first charge-transfer band in the UV-visible spectra) of 

the complexes, revealing that both 49Ti NMR shifts and λmax demonstrated the electron-releasing 
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and -withdrawing nature of the X substituents.128 These (η5-C5H4X)TiCl3128 and Cp*TiMeX’2 [X’2 

= (Me)C6F5
2-, (Me)OC6F5

2-, (OC6F5)2
2-]126 were initiators for olefin polymerization. Half-sandwich 

complexes with allyl and enantiomeric alkoxide ligands were used in the enantioselective 

allyltitanation of aldehydes.124  

49Ti shift of TiCl4 in ambient-temperature ionic liquid (also known as molten salt), AlCl3-1-

ethyl-3-methylimidazolium chloride (ImCl), was δ -4, while in basic (chloride-rich) liquids, 49Ti 

shift of TiCl62- was δ -237.130 

47,49Ti shifts of electron donor-acceptor complexes between 9-methylanthracene and 

TiCl4 were reported.131 

Spin-lattice relaxation times T1 for several complexes were reported: TiCl4 (47Ti: 86.1 ms; 

49Ti: 265 ms), TiBr4 (47Ti: 90.4 ms; 49Ti: 303 ms), Ti(OBut)4 (47Ti: 9.74 ms) and Ti(OPri)4 (47Ti: 

3.67 ms).123 Spin-spin relaxation times T2 have also been reported for TiCl4 (47Ti: 72 ms; 49Ti: 

191 ms).123 

49Ti shifts of TiX4 (X = Cl-, Br-, F-), TiClnMe4−n (n = 0–3), Cp2TiX2 (X = F-, Cl-, Br-) and 

Ti(CO)6
2- were calculated by a DFT method.132 

For NMR of ligands, dmf exchange on [Ti(dmf)6]3+ was studied as a function of 

temperature and pressure by 1H and 17O NMR in order to expand upon the trend in exchange in 

hexa-solvated, trivalent, first-row transition metal cations.133 Along this row of metal ions and 

Ga(III), the mechanism changed from an associative activation mode for the earlier elements, 

such as Ta(III), to a dissociative activation mode for the later elements and Ga(III).133 17O NMR 

was used to analyze Ti(IV) tartrates and alkoxides, such as [Ti(dipt)(OPri)2]2 [δ 293, 268, 180 

and 177; dipt = (+)-diisopropyl tartrate (17) enriched with 17O at the hydroxyl positions] and 

Ti(OPri)4 (δ 295).134 

In order to gain an understanding about the reactivity of metal peroxo complexes, such 

as those containing Ti(IV), V(V), Mo(VI), and W(VI), several complexes were studied via 17O 

NMR the electronic charge transfer band, the O-O vibrational frequency, and the length of the 
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oxygen-oxygen bond in the peroxo ligand.135 The peroxo ligands of Ti(O2)(C2O4)2
2- and 

Ti(O2)(dipic)(H2O)2 (dipic = pyridine-2,6-dicarboxylate) had 17O shifts of δ 591135 and 585,136 

respectively. The other metalloperoxide complexes will be discussed in sections of other 

transition metals in the current review. 

 

 

(17)     (18) 

 

17O shifts of Ti(IV) oxo porphyrin complexes, such as Ti(TMP)(=O) (δ 1010 referenced to 

H2O; H2TMP = 5,10,15,20-tetramesitylporphyrin, also known as tetramesitylporphyrin), were 

probed.137 Diphenylchalcogenoate complexes (μ,η5:η5-Pn)2[Ti(EPh)]2 [18, Pn = 1,4-(SiPri
3)2-

C8H4, E = S, Se, Te] were analyzed via 29Si NMR (δ in the 2.74-5.20 range).138 The Se and Te 

complexes were also studied via 77Se and 125Te NMR, respectively. The resonances at δSe 511 

and δTe 418 were both more shielded compared to those of most other Ti(IV) selenolate and 

tellurolate complexes such as Cp2Ti(SePh)2 (δSe 847) and Cp2Ti(TeSiPh3)2 (δTe 709).138 

The NMR studies of several Ti σ-borane complexes were discussed in a 2008 review.139 

 

3.2. Zirconium complexes 

91Zr NMR is more favorable than 49Ti, as the 91Zr nuclide (Table 2) has higher natural 

abundance, larger relative sensitivity and receptivity, and smaller quadrupole moment with a 

larger resonance frequency (closer to that of 1H NMR).1 Line widths of 91Zr peaks were often 

reported mostly because of quadrupole-dominated relaxation.1 91Zr shifts of diamagnetic 
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complexes are typically in the range of δ 893 for Zr(NMe2)4
140 to δ -348 for Cp2Zr(η4-butadiene).1 

Hydrolysis of Cs2ZrF6 (δ -191) in aqueous solution and in 30% H2O2 solution was probed 

using 91Zr and 19F NMR.141 In aqueous solutions, only ZrF6
2- and F- ions were observed. 

However, in the water-peroxide medium, a peroxo intermediate (dimer F5Zr-OO-ZrF5
4-) was 

detected.141 

91Zr shifts and line widths were used as indicators of coordination geometry distortions in 

32 zirconocene complexes,140 including Cp2ZrCl2 (δ -112), Cp2Zr(Cl)Me (δ 126), Cp2ZrMe2 (δ 

386), (η5-C5H4Me)2ZrCl2 (δ -69), (η5-C5H4Me)2ZrMe2 (δ 401), Cp*2ZrCl2 (δ 85), Cp*2ZrMe2 (δ 

443) and a number of other ring-substituted and -bridged zirconocene complexes. They were 

compared with those of Zr(NMe2)4 listed above and ZrCl4•2THF (δ 628).140 For Cp’2ZrX2 (Cp’ = 

substituted and -bridged cyclopentadienyl; X = Br-, Cl-, Me-), ab initio computations suggested 

that the magnitude of the electric field gradient (EFG) at the Zr atom dominated line widths 

when the ligands X were varied, while substituents at Cp’ rings affected much less the 

computed EFGs.140 91Zr shifts of additional non-ansa alkyI-substituted cyclopentadienyl and 

phospholyl complexes, which were used in the ethylene polymerization, were reported.142-143 

Reactions of Cp2ZrMe2 with fluorocarbon acids such as H2C(SO2CF3)2 were studied, 

giving, e.g., Cp2ZrMe[HC(SO2CF3)2] (δ 20) and Cp2Zr[HC(SO2CF3)2]2 (δ -331).144 91Zr shifts of a 

series of zirconocene products were given.144 The newly compounds from the reactions with 

fluorocarbon acids were compared with those of Cp2ZrCl2, Cp2Zr(Cl)Me, and Cp2ZrMe2.144 

91Zr shifts of CpTpZrCl2 [Tp = hydrotris(pyrazolyl)borate, HB(C3H3N2)3
-; δ 22] and 

Cp[H2B(C3H3N2)2]ZrCl2 (δ 53) were studied.145 The complexes, when activated by 

methylalumoxane (MAO), became catalysts for olefin polymerization.145 

91Zr shifts of acetylacetonate (acac) complexes, (acac)3ZrCl (δ 77) and Zr(acac)4 (δ -46), 

were also reported in the study of their potentials, when activated by MAO, as catalysts for 

olefin polymerization.145 After reacting with MAO, 91Zr shifts are as follows: (acac)2ZrCl2/MAO (δ 

9.2), (acac)3ZrCl/MAO (δ 156.6), and (acac)4Zr/MAO (δ 147.5) in toluene solution at the Al:Zr 
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ratio of 1000:1.145 In comparison, (dbm)3ZrCl/MAO [δ 35.7; dbm = dibenzoylmethanate = 1,3-

diphenylpropanedionate (19)].145 

DFT calculations predicted δ -1500 for Zr@C28 endohedral compound, after it was 

detected by mass spectrometry.146 

 

 

(19) 

 

For NMR of ligands, the tetrameric Zr(IV) cation [Zr4(OH)8(H2O)8(H2O)8]8+ was studied 

via several spectral methods including 17O NMR (δ ~180).147 In this cation, there are two labile 

and two inert water molecules per Zr atom.147 11B and 31P NMR were used to analyze Zr and Hf 

polyhydride complexes M3H6(BH4)6(PMe3)4 and M2H4(BH4)(dmpe)2 (M = Zr, Hf).148 B-containing 

diamide complexes (ButN-BPh-NBut)2M(THF) and Li2[M(ButN-BPh-NBut)3] (M= Zr, Hf) were 

synthesized from the reacitons of PhB(ButNLi)2 with the metal halides.149 These complexes 

were analyzed via 1H and 11B NMR and X-ray crystallography.149 A large series of zirconocene 

and hafnocene silyl complexes were synthesized and analyzed via 1H, 13C, and 29Si NMR.150  

The in-situ polymerization of hyperpolarized 1-hexene with either [(EBI)ZrMe]B(C6F5)4 

[EBI = rac-C2H4(1-indenyl)2] or (Cp2ZrMe)B(C6F5)4 was analyzed via dissolution DNP NMR.151 

With this technique, several aspects of the reaction such as stereochemistry, measurement of 

kinetic rate constants, and identification of deactivation processes could be studied 

simultaneously.151 Stop-flow NMR was also used to directly observe the kinetics of 1-hexene 

polymerization with either [(EBI)ZrMe]B(C6F5)4.151 Diffusion NMR was used to study the 

individual components and combinations of a ternary system containing Cp2ZrMe2/MAO 

(DMAO) in 2,6-But
2-phenol (MAO = methylaluminoxane, DMAO = AlMe3-depleted MAO).152 

Variable-pressure 2-D (2-dimensional) 1H Exchange Spectroscopy (EXSY) was used in the 
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assignment for the cis/trans-isomerization of ZrCl4[O=P(OMe)3]2.153 For an overview of EXSY, 

see Section 13.1. 

Heptacoordinated Zr and Hf complexes M[MeC(NPri)2]3Cl (M = Zr, Hf) and 

M[MeC(NPri)2]3R (M = Zr, Hf; R = Me, Et) were analyzed via several methods including 1H-15N 

gHMBC NMR.154 The average bond lengths of M-N in the M[MeC(NPri)2]3Cl were shorter than 

those in the M[MeC(NPri)2]3Et as observed in their crystal structures. Since fast exchange was 

needed to detect the HMBC cross peaks, the 2-D NMR experiments for M[MeC(NPri)2]3Cl were 

performed at an elevated temperature (60 °C).154 The 1H-15N gHMBC NMR of 

M[MeC(NiPr)2]3Me was also obtained at elevated temperatures (45 °C).154 

The 11B NMR spectrum was obtained for the complex [(Zr6BI12)(H2O)6]+ (δ 215.2) which 

was formed from the dissolution of KZr6BI14 in deoxygenated water.155 

 

3.3. Hafnium complexes 

We did not find reports of 177Hf or 179Hf NMR which were also not discussed in the 1991 

book edited by Pregosin1 or a 1987 book on multinuclear NMR edited by Mason.3 

For NMR of ligands, the silyene complex (η-C5H4-Et)2(PMe3)Hf=Si(SiMeBut
2)2 was 

analyzed via 1H, 13C, 31P, and 29Si NMR.156 This was the first example of a stable Schrock-type 

silyene complex and the first complex with a Hf=Si double bond.156 

For the discussion of polyhydride complexes Hf3H6(BH4)6(PMe3)4,148 

Hf2H4(BH4)(dmpe)2,148 B-containing diamide complexes (ButN-BPh-NBut)2Hf(thf) and 

Li2[Hf(ButN-BPh-NBut)3],149 and heptacoordinated Hf[MeC(NPri)2]3Cl,154 see previous Section 3.2 

on their Zr analogs. 

 

4. Group 5 (V, Nb and Ta) 

 For V and Nb, NMR of both the metals (51V, 93Nb) and ligands have been reported. For 

Ta, we found only papers on NMR of ligands in 1990-2019. It should be pointed out that solution 
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181Ta NMR of the TaF6
- anion prepared by dissolving Ta metal in HF/HNO3 was reported in 1973 

in order to determine the 181Ta nuclear gyromagnetic ratio and its magnetic moment.157 Later, 

181Ta NMR spectra of (Et4N)(TaCl6), (Et4N)[Ta(CO)6], and K2(TaF7) in solution were published in 

1986.158  

Nuclear and NMR properties of the nuclides, including recommended and commonly 

used references, are given in Table 4. 

 

Table 4.26 Nuclear and NMR properties of 51V, 93Nb, and 181Ta 

Nuclide 

Natural 

abun-

dance 

(%)a 

Spin 

Relative receptivity  
Gyromagnetic 

ratio (107) 

(rad s-1 T-1) 

Quadrupole 

moment Q  

(fm2) 

Ξ (and 

frequency, 

MHz; 1H = 

100 MHz, 

2.3488 T) 

Reference 

sample DH  

(1H = 1.00) 

DC  

(13C = 1.00) 

(50V)b,c 0.250 6 1.39 × 10-4 0.818 2.6706490 21.0 9.970309 
VOCl3 

(neat/C6D6) 51V 99.750 7/2 0.383 2.25 x 103 7.0455117 -5.2 26.302948 

93Nb 100 9/2 0.488 2.87 x 103 6.5674 -32.0 24.476170 

KNbCl6 

(MeCN) or 

NEt4(NbCl6)

159-160 

(MeCN or 

CD3CN) 

181Ta 99.98799 7/2 3.74 x 10-2 220 3.2438 317.0 11.989600 

KTaCl6 

(MeCN) or 

NEt4(TaCl6) 

(1:1 

MeCN:Me2

CO158) 

a Unless noted, the isotopes are stable. The natural abundances are based on the NIST data.25 

b 50V is radioactive with t1/2 >3.9 x 1017 years.32 

c 50V in parenthesis is considered to be the less favorable of the element for NMR.26 

 

4.1. Vanadium complexes 
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We did not find papers published in 1990-2019 on 50V NMR. The reader may find a 

summary of 50V NMR work published by 1990 in Reference 1. 

51V NMR is one of mostly used metal NMR spectroscopies with many papers. In fact, 51V 

nuclear properties in Table 4 make its NMR among the easiest in transition metals even for 

compounds with nearly no symmetry.1 Solution 51V shifts of diamagnetic complexes are typically 

in the range of δ 2375 for Cp*2V2(μ,η2-Se2)(μ-Te)2
1 to -2054 for (NEt4)[CpV(CO)3(SnPh3)].161 51V 

NMR studies of VV, VIII, VI and V-I complexes up to 1990 were reviewed in detail in References 1 

and 162. Biological applications of 51V NMR were discussed in another 1990 review.163 In 

addition, 51V NMR of organometallic complexes at VV, VIV (in V-V bonded dimers), VIII, VI, and V-I 

oxidation states was surveyed in depth in a 2008 review.164 51V NMR developments during 

1997-2008 were reviewed in 2008.165 

Complexes with V-O bonds, including vanadate (VO4
3-) derivatives, polyoxometalates, 

and peroxo derivatives, continue to be a focus of 51V NMR studies driven in large part to find 

insulin-mimetic V compounds in diabetic treatments.  

Vanadate derivatives typically contain N,O,166-167 O,O,168-170 O,N,O171-173 and O,N,N174 

ligands. Reported complexes with N,O ligands included those with NH2OH,166 MeNHOH,166 and 

8-hydroxyquinoline-5-sulfonic acid [H(8-HQS) (20)],167 suggesting, e.g., that 5- (δ -527) and 6-

coordinated (δ -537 and -540 from isomers) V centers were present in the 8-HQS complexes.167 

The equilibria of vanadate with β-alaninehydroxamic acid (H2NCH2CH2CONHOH),168 aldaric 

acids (D-saccharic acid and mucic acid),169 1,2-dimethyl-3-hydroxy-4-pyridinone175 in aqueous 

solution, giving O,O complexes, were studied by 51V NMR, showing, e.g., δ -520 and -450 for 

1:1 and 1:2 V:ligand (ligand = β-alaninehydroxamate) complexes, respectively.168 Interactions of 

vanadate with adenosine, and imidazoles in aqueous solution were probed by potentiometry 

and 51V NMR.176  

O,N,O complexes included those from vanadate reactions with iminodiacetic acid 

[HN(CH2CO2H)2], N-(2-hydroxyethyl)iminodiacetic acid [HOCH2CH2N(CH2CO2H)2],171 N,N-bis(2-
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hydroxyethyl)glycine [(HOCH2CH2)2NCH2CO2H],171 2,6-pyridinedicarboxylate,173 and 4-

hydroxypyridine-2,6-dicarboxylic acid (H2-dipic-OH),172 forming products with tridentate ligands 

such as Na[VO2(dipic-OH)] (δ -529.0).172 Tridentate O,N,O complexes 21 with (E)-N'-[1-(5-

acetyl-2,4-dihydroxyphenyl)ethylidene] hydrazide-type ligands were synthesized and 

characterized, including by single-crystal diffraction for a few complexes.177 Their 51V NMR 

showed resonances in the δ -534.0 to -547.8 range.177 O,N,N complexes include those from the 

reactions of vanadate(V) with dipeptides (Val-Gln, Ala-Gln, Gly-Gln, Gly-Glu, and Ala-Gly), 

which were characterized by multinuclear (51V, 14N, 13C) NMR.174 

 

    

      (20)      (21) 

 

51V NMR was used as a pH-dependent probe for acidification of reverse micellar 

nanodroplets by CO2 in the confined space.178 Multinuclear NMR approaches, in particular 51V, 

were employed to elucidate the nature of vanadates and peroxovanadates in hydrophilic ionic 

liquids, (bmim)BF4 and (bmim)(OTf) [bmim+ = 1-n-butyl-3-methylimidazolium (22)], indicating 

that ionic liquids had a strong influence on the vanadate chemistry both for the formation of the 

aggregates (with and without H2O2) and the rate of peroxide consumption catalyzed by 

vanadium.179 V2O5 was dissolved at >70 °C in, e.g., (bmim)AlCl4 ionic liquid, giving different 

species as a function of melt acidity.180 51V, 1H, and 13C NMR and IR indicated that, in basic and 

neutral melts, VO2Cl2- and a metavanadate species, [(VO3)n]n- were the products. While VO2Cl2- 



28 
 

was prominent in basic melts, but as the melt became neutral or as the concentration of V2O5 

was increased, the concentration of [(VO3)n]n- increased.180 

 

 

(22) 

 

Vanadate (VO4
3-), stable in the highly alkaline region (pH >13) oligomerized as basicity 

was reduced and at pH 2-6, the main species was polyoxovanadate V10O28
6-, which could exist 

in several protonated forms.181 Structural studies of polyoxometalates by 51V and 17O NMR were 

reviewed in 2006.182 Time-resolved 51V NMR EXSY was used to probe kinetics of the 

oligomerization of vanadate into dimer, tetramer, and pentamer in aqueous solutions, giving rate 

constants.183 The existence of linear tri- and tetra-vanadate anions, V3O10
5- [51V δ -554.3 

(Vterminal), -586.6 (Vcentral); 273 K] and V4O13
6- [51V δ -554.3 (Vterminal), -585.4 (Vcentral)], in aqueous 

solution were confirmed by 51V and 17O NMR and potentiometry, yielding constants of their 

formation from H+ and HVO4
2- (δ -537.2) through dimer intermediates V2O7

4- (δ -558.8) and 

HV2O7
3- (δ -559.9) in 5% 17O-riched solution.184 17O NMR resonances were in the δ 920-360 

range. 17O magnetization-transfer experiments indicated that the O atoms in V3O10
5- and V4O13

6- 

underwent exchanges likely through intramolecular processes.184 When a neutral, 3% 17O-

riched aqueous vanadate solution in NaCl was rapidly acidified at room temperature to pH 1.5, 

transient tridecavanadate H12V13O40
3-, containing 12 V atoms (δ -538.0) around a central, 

tetrahedrally coordinated V atom (δ -523.3) in a Keggin structure, was identified by 51V and 17O 

NMR.185 17O NMR peaks at δ 981, 853, and 575 from solvent O atoms were observed. The 

tridecavanadate had a half-life of 80 min at 298 K.185 Dodecavanadate, V12O32
4-, is a bowl-type 

host with a 4.4-Å-diameter cavity entrance that reacted with guest anion X- (X- = CN-, OCN-, 

NO2
-, NO3

-, HCO2
-, and CH3CO2

-) to form host–guest complexes, V12O32(X)5-, as 51V NMR and 
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X-ray crystallographic analyses showed.186 

Vanadate could also form mixed-metal polyoxometalates such as α-H2W11VO40
7- (δ -

543)187 and heteropolymetalates with main group oxyanions such as the Keggin-type α-

SiVW11O40
5- (Na+ salt; 51V δ -551.3; 29Si δ -81.87).188 Two tungstovanadates, WV9O29

5- and mer-

W3V3O19
5-, were identified in equilibrated aqueous solution of WO4

2- and VO3
- using 51V NMR 

and 51V-51V COSY (Correlation Spectroscopy) which supported structures analogous to known 

molybdovanadates.189 51V and 17O NMR showed that silicate anions reacted with HVO4
2- in 

aqueous alkaline solution, forming H2VSiO7
3-, H3VSiO7

2- and related 

monovanadooligosilicates.190 Molybdovanadates with high Mo:V ratios in aqueous solution, 

such as cis-Mo4V2O19
4-, cis-HMo4V2O19

3-, Mo5VO19
3-, Mo4V5O27

5-, HMo4V5O27
4-, and β-Mo7VO26

5-, 

were characterized by 51V and 17O NMR as well as 95Mo NMR for some species.191 Reaction of 

NaVO3 with Na2WO4 in NaCl-containing aqueous solution yielded several tungstovanadates, 

such as cis-W4V2O19
4- (51V δ -511.3), WV9O28

5- (51V δ in the range of -428.2 to -525.7), and α-

H2W11VO40
7- (51V δ -544.3) in equilibrium with H2V10O28

4- and VO4
3-.192 51V, 183W and 17O NMR 

and potentiometry were used to characterize the mixtures.192 Mixing of Na2HVO4 with varying 

proportions of Na2WO4 and Na2MoO4 in NaCl-containing water, followed by acidification with 

HCl, yielded the complete series of hexametalate anions V2MonW4-nO19
4- (n = 0-4) in the 

Lindqvist structure with two cis V atoms.193 51V shifts of the species in the δ -497.9 to -513.7 

range and their monoprotonated tetraanions in the δ -511 to -541 range were assigned.193 

Reaction of hydrous niobium oxide with V2O5, H3PO4 and NMe4OH in water at 130 C gave a 

Keggin-type polyoxoniobate (NMe4)9[PV2Nb12O42] (51V δ -540; 31P δ 2.4; pH 7.3) containing a 

central P site and two capping V sites.194 51V NMR (for VV component), EPR (for VIV component) 

and voltammetry were used to study the initial reduction of 1- and 4-[S2VW17O62]5- forming VIV 

products.195 When a mixture of Na7H(Nb6O19), NaVO3, and NaHCO3 in water was heated at 

220 °C in an autoclave, the reaction gave a bicapped α-Keggin vanadododecaniobate, 

Na9H4[VNb12O40[NbO(CO3)]2].196 51V NMR and ESI-MS data indicated that this anion in solution 
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was in equilibrium with VNb12O40
15- and oligomeric species from dissociation of the NbO(CO3)+ 

fragments.196 In the presence of K+, the same reaction gave VxNb24O76
n- (x = 4, n = 12; x = 3, n = 

17).196 A V-Co cluster, [Co4(tacn)4V4O12(OH)4](OTf)4 [tacn = 1,4,7-triazacyclononane (2, R3 = 

H3)], was prepared from the reaction of Na3VO4 with [Co(tacn)(H2O)3](OTf)3 (whose 59Co NMR 

was given below) in aqueous triflic acid solution.197 The triflate product could be converted to Cl-, 

Br- or ClO4
- derivatives. 51V and 59Co NMR of the cation solution show δ -380 and 9,650, 

respectively.197 

For the use of electron-electron double resonance (ELDOR)-detected NMR (EDNMR), 

hyperfine sub-level correlation (HYSCORE), and electron-nuclear double resonance (ENDOR) 

to study hyperfine interactions in polyoxometalate PV2Mo10O40
6- with one reduced V(IV) ion,198 

see Section 13.3. 

Vanadium peroxo compounds were of interest mainly due to their role in biological 

systems and their application in oxidation reactions.199 Vanadium peroxo compounds were 

identified as a new class of powerful insulin mimetic agents.200 Vanadium peroxo materials were 

also found to be in haloperoxidases that likely play a key role in the production of biogenic 

organohalogens in the environment.201 Addition of H2O2 to NH4VO3 in acid aqueous solutions 

gave monoperoxo VO(O2)+ (δV -540.5) or diperoxo VO(O2)2
- (δV -693.1) complexes.202 In the 

presence of bidentate ligands L, e.g., picolinic or pyrazinic acid (HL), complexed peroxo 

vanadium species such as VO(O2)L, VO(O2)L2
-, and VO(O2)2L2- were identified by 51V NMR,202 

and their shifts in twelve solvents were also studied.203 In MeCN, the picolinate complex, 

VO(O2)(picolinate)(H2O)2•MeCN was found to oxidize hydrocarbons and the spin trap 3,3,5,5-

tetramethyl-pyrroline-N-oxide (TMPO), forming V(IV) species, as 51V NMR and EPR studies 

showed.204  

51V NMR revealed that reactions of aqueous monoperoxo VO(O2)+ with amino acids 

such as glycine or proline gave two types of bis(amino acid) products, in which the two amino 

acid ligands were either bidentate or one bidentate and one monodentate through the amino 
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group.201 No reaction of VO(O2)+ with imidazole or the imidazole ring of histidine was observed. 

In contrast, reactions of aqueous diperoxo VO(O2)2
- with amino acids give monodentate 

products either the carboxyl or the amino groups, with bonding by the amines favored. 

Imidazole, as the free ligand or as the side chain in histidine, complexed strongly to 

diperoxovanadate, as did N-methylimidazole and also pyridine.201 Quantitative 51V NMR and 

potentiometric studies of the speciation in the vanadate-peroxide-imidazole systems also 

showed that imidazole binds strongly to diperoxovanadate.205 When L-lactic acid 

[CH3CH(OH)COOH] and H2O2 at pH 1-7 was added ammonium vanadate(V), the reaction gave 

three dimers - Two are 2:2:1 (metal:ligand:peroxo) isomers and the third is a 2:2:2 species.199 At 

pH < 2, an additional 1:1:1 complex was formed.199 Similar reactions with glycolic acid206 and L-

malic acid207 were studied. The speciation of H2VO4
- and H2O2 with L-α-alanyl-L-histidine (23) in 

acidic aqueous solution was studied by quantitative 51V NMR and potentiometry, showing the 

formation of four 1:1:1 (metal:ligand:peroxo) and four 1:1:2 products.208 Reaction of 

K3[VO(O2)2(oxalate)] or VO(O2)2(D2O)−/VO(O2)2(HOD)− with glycyl-histidine (24) in aqueous 

(H2O or D2O) solution gave two VO(O2)2(glycyl-histidine)− isomers with V-N bonds to either the 

ɛ-N or δ-N atom in the imidazole ring, as VT NMR, Diffusion-Ordered Spectroscopy (DOSY), 

HMQC and DFT calculations showed.209 Additional discussion of HMQC4 and DOSY4 is given in 

Section 13.1 below. NMR studies (including 1H, 13C, 14N, 51V and DOSY) of the reaction 

between K3[VO(O2)2(oxalate)] with ethylenediamine (H2NCH2CH2NH2 = en) in aqueous solution 

indicated the formation of 6-coordinated [OV(O2)2(en)]− with one V-N bond.210 In contrast, a 

similar mixture with HNEt2 instead did not lead to the formation of a new complex.210 Reaction of 

siloxy VO2(OSiPh3)2
- with H2O2 gave oxoperoxo complex VO(O2)(OSiPh3)2

- (δ -596.8).211 51V 

NMR, ESI-MS, and ab initio calculations techniques were used to study vanadium triperoxo 

complexes such as V(O2)3
- in protic solvents, showing a step-by-step decomposition process.212 

When Na[V(O2)3]•3H2O was dissolved in strongly basic water (pH 14), its decomposition from 

the blue-violet (triperoxo vanadte; δ -847) to yellow (diperoxo vanadate) was slowed down, 
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allowing the characterization by 51V NMR.212 

 

 

    (23)         (24) 

 

Cysteine oxidation to cystine by oxo diperoxo complexes [VO(O2)2(L)]n- (L = oxalate, n = 

3; L = picolinate, n = 2; L = bipyridil, phenanthroline, n = 1) with insulin-mimetic activity was 

studied by 51V NMR, UV, and stopped-flow techniques.200 The oxalate ligand underwent a total 

ligand dissociation during the reaction, while the other three complexes held their ligands in 

solution.200 DNA-photocleavage by peroxo V(V) complexes irradiated at 365 nm in aqueous 

solution was studied by 51V NMR, showing VO3
- as the vanadium product.213 Photolysis-EPR 

spin-trapping experiments supported the notion that singlet oxygen was the reactive species.213 

Nuclease activity of VO(acac)2 and its derivatives was studied by several techniques 

including 51V NMR, showing that the mechanism was oxidative and associated with the 

formation of reactive oxygen species (ROS).214 Interactions of vanadate with bovine Cu,Zn-

superoxide dismutase was probed by 51V NMR, suggesting that the vanadate tetramer bound to 

the two lysine residues in the solvent channel of Cu,Zn-SOD.215 

51V NMR of organometallic complexes was discussed in a 2008 review, as indicated 

earlier.164 51V shifts of selected complexes are listed in Table 5.164 51V NMR was used to 

characterize [VO(μ-OCH2CF3)(OCH2CF3)(C6F5)]2 (δ -481), [VO(μ-OCH2CF3)(OCH2CF3)2]2 (δ -

570), O=V(NEt2)3 (δ -205), and (F5C6)3B←O=V(NEt2)3 (δ 57).216 

 

Table 5. 51V chemical shifts of selected V organometallic complexes from Reference 164 
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Complexes 51V shifts (δ) 

But-N=V(CH2But)3 879 

But-N=V(CH2SiMe3)3 877, 1JV-N = 86 Hz 

But-N=V(OBut)3 -751 

O=V(CH2SiMe3)3 1205 

O=V(OSiPh3)3
164 -723 

(ButCH2)3V=N-N=V(CH2But)3 
1237, 1J51V-

14
N = 48 Hz, 

1J51V-
15

N = 76 Hz 

CpV(CO)4 -1534, 1J51V-C = 107 Hz 

 

 

Catalytic activities of vanadium complexes were studied by 51V NMR.217-219 Cyclohexene 

oxidation by cumyl or t-butyl hydroperoxides to cyclohexene oxide, catalyzed by VO(acac)2(OR) 

(R = But, δ -477; CMe2Ph, δ -475), was probed by 51V NMR.217 The alkoxides were converted to 

peroxide complexes VO(acac)2(OOR) (R = But, δ -351; CMe2Ph, δ -365) which then transferred 

an O atom to cyclohexene. In acid isopropanol/water solution under aerobic conditions, 

Bun
4NVO3 catalyzed autoxidation of PriOH to acetone and O2 reduction to H2O2.218 The V-

substituted, Lindqvist-type polyoxotungstate VW5O19
3- in MeCN promoted cyclooctene 

epoxidation by H2O2 into cyclooctene oxide.219 Oxidative carbonylation of toluene to p-toluic acid 

by CO and O2 using Rh(CO)2(CF3COO)3 as catalyst and [V(μ-O)O(CF3COO)]2 (δ -634 in 

toluene; -545 in D2O) as co-catalyst were studied by 103Rh, 51V and 13C NMR.220 In the catalytic 

cycle, [VV(μ-O)O(CF3COO)]2 reoxidized Rh(I) to Rh(III), forming VIVO(CF3COO)2, and the dimer 

structure of the former was based on DFT calculations. 

DFT calculations were performed to obtain the geometry and electronic structures and 

solution 51V and 17O NMR shifts of a series of 7 oxo-peroxo V(V) complexes with tetradentate 
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tripodal amine ligands, which mimicked the active site of vanadium bromoperoxidase.221 The 

more reactive complexes for bromide oxidation contained weakly electron donating amine 

ligands and more deshielded 51V and 17O resonances. 

For ligands, 17O NMR of oxo complexes was discussed earlier. In addition, 17O NMR of 

peroxide ligands in monomer V(V) complexes135-136 and diperoxyo vanadium complexes were 

obtained to probe the complexes.135-136 17O and 35/37Cl NMR spectroscopies were used to study 

the hexa-aqua V(III) cation structure in various mixed acid-based electrolyte solutions used in 

vanadium redox flow batteries.222 

 

4.2. Niobium complexes 

93Nb NMR was used to characterize [NbF4(diphosphine)2](NbF6) [diphosphine = o-

(PMe2)2-C6H4, Me2P(CH2)2PMe2 (dimethylphosphinoethane or dmpe)] produced from the 

reactions of NbF5 with diphosphine in MeCN, showing the binomial septet at δ -1553 for the 

anion NbF6
- and a broad peak at δ -1110 and -1062 for the cations, respectively (Table 6).160 

93Nb shifts of NbF5(SMe2) and NbF5(SeMe2) (77Se) were also reported (Table 6).223 In 

[NbF4(dithioether)2](NbF6) [dithioether = RS(CH2)2SR (R = Me, Et or Pri)], the anion NbF6
- was 

observed as a binomial septet at δ -1551 to -1554 (JNb-F = 335 Hz) at 220 or 243 K (Table 6).223 

The 93Nb shifts of the cations [NbF4(SMe2)4]+ and [NbF4(dithioether)2]+ at 295 K are listed in 

Table 6.223 Chalcogenoether complexes NbCl5(SBun
2) and NbCl5(SeBun

2) and dinuclear 

(NbCl5)2[μ-o-(CH2SEt)2-C6H4] were prepared from the reactions of NbCl5 with respective 

chalcogenoethers, and they were characterized by 93Nb and 77Se NMR (Table 6).224 These 

complexes were tested as potential single source precursors for chemical vapor deposition of 

NbS2 or NbSe2 films. NbCI3(S2CNEt2)2 and [Nb(S2CNEt2)4](NbCI6) were prepared from the 

reaction of NbCI5 with dithiocarbamate Me3SiSC(=S)NEt2.225 93Nb shifts of NbCI3(S2CNEt2)2,225 

NbCI2(S2CNEt2)3,226 NbBr2(S2CNEt2)3,226 and [Nb(S2CNEt2)4](NbCI6)225 are given in Table 6. 

[NbCl3(thf)2]2(μ-N2) was prepared from NbCl5 and (Me3Si)2NN(SiMe3)2, and its 93Nb resonance is 
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listed in Table 6.226 

 

Table 6. 93Nb chemical shifts of selected Nb compounds 

Complexes 

93Nb shifts (δ) 
77Se shifts (δ) 

Cation Aniona 

[NbF4[o-(PMe2)2-C6H4]2](NbF6)160 -1110 -1553 - 

[NbF4(dmpe)2](NbF6)160 -1062 -1553 - 

[NbF4(dithioether)2](NbF6) 

[dithioether = RS(CH2)2SR (R = 

Me, Et or Pri)]223 

-1540 to -1550 -1551 to -1554 - 

[Nb(S2CNEt2)4](NbCI6)225 -325 0  

NbF5(SMe2)223 -1440 - 

NbF5(SeMe2)223 -1509 247.2 

NbCl5(SBun
2)224 97 - 

NbCl5(SeBun
2)224 123 273.6 

(NbCl5)2[μ-o-(CH2SEt)2-C6H4]224 94  

NbCI3(S2CNEt2)2
225 -418  

NbCI2(S2CNEt2)3
226 -315  

NbBr2(S2CNEt2)3
226 -545  

[NbCl3(thf)2]2(μ-N2)226 -532  

a The anion NbF6
- appeared as a binomial septet with 1JNb-F = 335 Hz. 

 

Alcoholysis of NbCI5 (δ 2.6) by MeOH was probed by 93Nb NMR in benzene, showing 

formation of NbCI5-x(OMe)x (x = 1, δ -497; 3, δ -810; 4, δ -1010; 5, δ -1160) with increasing 

shielding of the Nb atom with replacement of Cl- by OMe- ligands.227 Similar NMR properties 

were also observed in MeOD solution.228 In a mixture of NbCI5(CD3CN), MeOH and H2O, 93Nb 

resonances of NbCl4(OMe)(MeCN) and NbCl4(OH)(MeCN) were found to be at δ -560 and -495, 
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respectively.229  Quinolinol derivatives Nb4(μ-O)4(μ-OEt)2(ONC10H8)2(OEt)8 and Nb4(μ-O)4(μ-

OEt)2(ONC9H5Cl)2(OEt)8, prepared from the reaction of Nb(OEt)5 with 8-hydroxy-2-

methylquinoline (HONC10H8) and 5-chloro-8-hydroxyquinoline (HONC9H5Cl), showed 93Nb 

resonances at δ 206, 131 for the former and 197, 122 for the latter.230 Both peroxo complexes 

K[Nb(OH)(O2)2(8-quinolinolate)] and K[Nb(O2)2(8-quinolinolate)2] in D2O give 93Nb resonances at 

δ -739.159 Polyoxoanion complex (Bun
4N)4(NbW5O18)2O with a Nb-O-Nb oxo bridge gave a broad 

93Nb resonance at δ -975.231 17O-enriched sample (Bun
4N)3[Nb(17O)W5O18] showed the 17O 

resonance at δ 795.231 

A 1991 review summarized 93Nb NMR of organometallic compounds by then,10 showing 

its chemical shift range of ca. 3,000 ppm. The subject was discussed in a 1996 article.232 

93Nb NMR showed increasing shielding on the Nb atom in d4 NbX(CO)2(EtCCEt)(PEt3)2 

when the halide ligand X changed from Cl- (δ -799.4) to Br- (δ -834.3) and I- (δ -931.4), the least 

electronegative of the three halogen elements.233 d2 (η5-MeC5H4)2Nb(η3-allyl) gave a 93Nb 

resonance at δ -1738.234 93Nb shifts were reported for a series of d0 (silox)3NbX2 and d2 

(silox)3NbL complexes (silox = But
3SiO).235 A few (referenced to saturated NbCl5 in acetonitrile) 

are selected here: X2 = =NN=CHSiMe3 (δ -965), =O (δ -947), Cl2 (δ -755), ½(μ:η1,η1-N2) (as a 

dimer with N2 bridging ligand, δ -570), =CH2 (δ 11.1), =PMe (δ 660). For d2 (silox)3Nb(CH2=CH2) 

with both olefin and metalacyclopropane character, δ 296.235 DFT-calculated 93Nb shifts 

correlated with the experimental values, and indicated that, in the (silox)3NbX2 complexes, δ 

was generally proportional to 1/χ (χ = Pauling electronegativity of the atoms bonded to Nb), with 

most electronegative more shielded from the shifts of other complexes. This trend was derived 

from the paramagnetic contribution.235 

93Nb shifts in 19 Nb complexes, NbX6-nYn
- (n = 0-6; X, Y = F-, Cl-, and Br-) were 

calculated by the ab initio Hartree-Fock method, giving calculated values in very good 

agreement with the experimental data.236 93Nb shifts were found to be dominated by the 

paramagnetic contributions and were due to the d-d* transition and excitation energy ΔE. The 
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computations also showed that the 93Nb shift was related to the electronegativity of the ligand 

atom, net charge, and the d-electron population of the Nb atom.236 DFT computations of 93Nb 

shifts of a series of complexes, such as NbF6
-, NbCl6-, Nb(CO)6

-, Nb2(OMe)10, CpNb(CO)4, and 

Cp2NbH3, were performed and the calculated shifts were compared with experimental shifts.237 

Trends in the 93Nb peak line widths for anionic Nb(CO)5
3-, Nb(CO)5H2-, and Nb(CO)5(NH3)− were 

rationalized in terms of computed electric field gradients at the Nb atom. 

Nb oxoclusters stabilized by ionic liquid (Bu4
nN)(lactate) were probed by 93Nb NMR, 

showing three resonances at δ -849, -1108, and -1036 in D2O.238 The stabilized oxoclusters 

catalyzed epoxidation of olefins and allylic alcohols by H2O2, and catalytic cycle was followed by 

93Nb NMR, including the identification of a peroxo intermediate. 

For NMR of ligands, reactions of (Me4N)6Nb10O28 with bases such as KOH, NaOH and 

Me4NOH formed several polyniobates, including hexaniobate anion Nb6O19
8-, that were 

monitored via 17O NMR over the course of weeks.239 For Nb6O19
8- formed by different bases, 

such as KOH or Me4OH, ranges of the 17O shifts of the ONb, ONb2, and ONb6 were found to be 

at δ 612-648, 378-393, and 29-41, respectively.239  

NMR studies of several Nb σ-borane were discussed in a 2008 review.139 

1H-15N HMBC (Heteronuclear Multiple Bond Correlation) was also used to obtain 15N 

(spin 1/2) NMR shifts of Nb complexes with Nb-N bonds at the 15N natural abundance of 

0.364%.240-243 The discussion of the inverse detection method is given in Sections 7 and 13.1. 

 

4.3. Tantalum complexes 

As noted earlier, for tantalum complexes, we have found only papers on NMR of ligands 

in 1990-2019. However, solution 181Ta NMR of complexes were reported before 1990, including 

TaF6
-,157 (Et4N)(TaCl6), (Et4N)[Ta(CO)6], and K2(TaF7).158,232  

Parahydrogen-induced polarization (PHIP) was used to observe the kinetic, unsymmetric 

isomer of Cp*2TaH2Cl, where the hydride ligands were next each other in the complex.244 Since 
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PHIP requires that H2 add pairwise in nonequivalent proton sites, this unsymmetric isomer 

would be the only isomer exhibiting polarization in PHIP.244 For NMR techniques that are based 

on parahydrogen (p-H2), see Section 13.6. 

1H-15N HMBC was also used to obtain 15N (spin 1/2) NMR shifts of Ta complexes with 

Ta-N bonds at the 15N natural abundance of 0.364%.240-243 

DOSY studies of cis- and trans-[Ta(μ-OMe)Me(=NSiMe3)[N(SiMe3)2]]2 in equilibrium 

demonstrated that they exist as dimers in solution.245 For an overview of DOSY, see Section 

13.2. 

 

5. Group 6 (Cr, Mo and W) 

For Cr, Mo and W, NMR of both the metals (53Cr, 95Mo, 183W) and ligands have been 

reported. In addition to Reference 1, NMR of the three metals was reviewed in 1996.246 Nuclear 

and NMR properties of the nuclides, including recommended and commonly used references, 

are given in Table 7. 

 

Table 7.26 Nuclear and NMR properties of 53Cr, 95Mo, 97Mo and 183W 

Nuclide 

Natural 

abun-

dance 

(%)a 

Spin 

Relative receptivity  Gyromagnetic 

ratio (107) 

(rad s-1 T-1) 

Quadrupole 

moment Q  

(fm2)  

Ξ (and 

frequency, 

MHz; 1H = 

100 MHz, 

2.3488 T) 

Reference 

sample DH 

(1H = 1.00) 

DC  

(13C = 1.00) 

53Cr 9.501 3/2 8.63 x 10-5 0.507 -1.5152  -15.0 5.652496 

K2CrO4 (aq) 

or Cr(CO)6 

(δ -1795 in 

THF1) 

95Mo 15.84 5/2 5.21 x 10-4 3.06 -1.751 -2.2 6.516926 Na2MoO4 

(aq) or 

Mo(CO)6 (δ 

-1856 in 

THF1) 

(97Mo)c,d 9.60 5/2 3.33 x 10-4 1.95 -1.788 25.5 6.653695 
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183W 14.31 1/2 1.07 x 10-5 0.0631 1.1282403 - 4.166387 

Na2WO4 

(aq) or 

W(CO)6 (δ -

3483 in 

THF1) 

a Unless noted, the isotopes are stable. The natural abundances are based on the NIST data.25 

b The data are from Reference 32. 

c We only found publications in 1990-2019 on solution 95Mo NMR of inorganic compounds and did not find a 

paper on 97Mo NMR in 1990-2019. However, 97Mo properties are listed here for comparison. Additional discussions 

about this issue are given below. 

d 97Mo in parenthesis is considered to be the less favorable of the element for NMR.26 

 

 MO4
2- (aqueous solution, K+ or Na+ salt) in alkaline D2O solution (pD 11) are references.1 

M(CO)6 in THF solution are used as secondary standards, particularly in organometallic 

chemistry (Table 7).1 

The ratio of the chemical shift ranges for 183W and 95Mo is ca. 1.6, which relates 

empirically the δ values of both nuclides in isostructural compounds.1 Although the ratio has no 

theoretical support, it was used to predict, e.g., 183W resonance regions of W compounds when 

95Mo shifts of their Mo analogs were known.1 

Isotropic NMR shielding constants were obtained using DFT with gauge-including-

atomic-orbitals (GIAO) in a spin-free formalism for the metal nuclides in MO4
2- and M(CO)6 (M = 

Cr, Mo, W).247 Relativistic effects for NMR shielding constants were calculated using the zero-

order-regular-approximation (ZORA) for relativistic effects. 

 

5.1. Chromium complexes 

 The number of 53Cr NMR data is small due to several factors.1,246 53Cr is a quadrupolar 

nuclide (Table 7), leading to NMR peak broadening in complexes of low symmetry. Its natural 

abundance and the overall receptivity are insufficient to offset a rather small magnetic moment 
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resulting in a low Larmor frequency (5.653 MHz at 2.3488 T) which, in turn, leads to a low 

sensitivity. 

Carbonate-containing capsule (NBun
4)2L2(CO3) [L = tris(2-aminoethyl)amine-based 3-

cyanophenyl-substituted tripodal urea (25), a urea-based anion receptor] dissolved in CH2Cl2 

was found to extract chromate CrO4
2- from water, forming (NBun

4)2L2(CrO4) with 53Cr shift at δ -

99.98 (vs. δ 0 for CrO4
2- in water as reference).248 The chromate-containing capsule was 

structurally characterized by single-crystal X-ray diffraction and 1H and 13C NMR.248 

 

 

(25) 

 

 For 53Cr and 14N NMR of Cr(CO)5(CNBut) and Cr(CO)4(CNBut)2 in ambient acetone-d6, 

pressurized liquid CO2 or supercritical CO2, see Section 12.1.249 

  53Cr shifts of CrO4
2-, Cr2O7

2-, CrO3X-, CrO2X2 (X = F-, Cl-), and Cr(CO)5L (L = CO, PF3, 

=CHNH2, =CMeNMe2) were computed by the DFT methods, and the computed shifts were 

compared with experimental values.250 Also, 53Cr shifts were predicted for CrO3, (η6-C6H6)2Cr, 

(η6-C6H6)Cr(CO)3, and, with reduced reliability, for Cr2(μ-O2CH)4. 

In NMR studies of α atoms of ligands, 17O NMR shifts of Cr diperoxo complexes were 

found to be between δ 726 and 818, which were more deshielded than those of other metal 

diperoxo complexes at δ 350-460.135 Along with the anomalous 17O shifts, the diperoxo Cr 

complexes show other features, including lower energy λmax values for ligand-to-metal charge 

transfer (LMCT) transitions in UV-visible spectra, higher O-O bond vibrational frequencies, and 

shorter O-O bond lengths than the other diperoxo complexes studied.135 The 17O shift of Cr(IV) 
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oxo porphyrin complexes, such as Cr(TMP)(=O) (δ 1247 referenced to H2O; H2TMP = 

tetramesitylporphyrin) were studied.137 

Nitride complexes, including [N≡Cr(NiPr2)2(PMe2Ph)]+ and [N≡Cr(NiPr2)2(PMe3)]+ with 

several counter anions such as PF6
- and BArF20

-, were studied via 14N NMR.251 The linewidths in 

the 14N NMR spectra in several paramagnetic Cr(III) amine and diamine complexes such as 

[Cr(NH3)6]3+, [Cr(en)3]3+, cis-[CrF2(en)2]+, trans-[CrF2(en)2]+ were investigated and compared with 

those of similar diamagnetic Co(III) complexes.252 The peaks of the Cr complexes range from δ -

322.7 to -345.9.252 The 11B NMR signal for the borylene complex (OC)5Cr=BSi(SiMe3)3 was 

found to be at δ 204.3 which was more deshielded than δ 92.3 in (OC)5Cr=B=N(SiMe3)2.253 

 

5.2. Molybdenum complexes 

95Mo NMR is preferred to 97Mo NMR, even though the two nuclides have the same spin 

quantum number and resonate at very similar frequencies. This is because 95Mo has a 

significantly higher natural abundance, smaller quadrupole moment, and a greater sensitivity, as 

listed in Table 7. 

95Mo NMR of inorganic compounds was extensively used in inorganic chemistry.1,246 In 

addition to a 1990 book chapter1 and a comprehensive review covering the literature in 1985-

1995, structural studies of polyoxometalates by 95Mo and 17O NMR were reviewed in 2006.182 

Thus, for polyoxometalates, the current review covers the literature since 2006 and, for other 

inorganic complexes, the literature since 1996 is surveyed. 

95Mo shifts cover the range of δ 4199 for quadruple-bonded MoII
2(μ-O2CCF3)4(py)2 to δ -

2953 for (Cp2MoVIH3)Cl based on the publications that we found.254   

Analysis of 95Mo shifts of eleven MoVI oxo and peroxo complexes with mono- (N) and 

poly-dentate (N,N, N,O, or N,N,N) ligands showed a correlation of electronic densities on the 

metal atoms with the 95Mo shifts. The correlation was used to indicate whether a complex was 

hexa- or hepta-coordinated.255 95Mo NMR was employed, along with other spectroscopies and 



42 
 

DFT calculations, to study reactions of Na2MoO4 with 8-hydroxyquinoline-5-sulfonic acid [H(8-

HQS) (20)] in water, forming one dimeric [Mo2O4(8-HQS)2(μ-O)]2- (δ 36) and two monomeric 

MoO2(8-HQS)2
2- (δ 88 and 109) complexes.256 Reactions of Na2MoO4 with 2-phospho-D-glyceric 

acid and 3-phospho-D-glyceric acid, gave one and four products containing 2-phospho-D-

glycerate and 3-phospho-D-glycerate ligands, respectively.257 Multinuclear NMR and DFT 

studies were used to identify the complexes. 95Mo shifts were in the ranges of δ 99 and -55. 17O 

shifts were in the ranges of δ 867-760 for terminal oxo ligands and δ 399-300 for bridging oxo 

ligands.257 1H, 13C, 14N, 17O and 95Mo NMR showed that the complex of MoO4
2- with 

triethanolamine in dmso or dmso-d6 contained one free and two bound hydroxyethyl arms, and 

three arms of the ligand readily exchange.258 The 95Mo shift was found at δ 129.7, and the 14N 

signal was at δ -323, while two 17O resonances at δ 876.4, 841.4 were assigned for the two 

terminal Mo=O ligands.258 95Mo shifts of several Mo(V) dithiocarbamate complexes such as 

[MoO(S2CNMe2)]2(μ-O)(μ2-OC2H4S) (δ 329), in which both the S and O atoms of 2-

mercaptoethanolate ligand bridged the Mo atoms, were obtained.259 When the Me groups on the 

dithiocarbamate S2CNMe2
- ligands were replaced by bulkier groups such as Ph (δ 345), the line 

width of the 95Mo peak increased (270 Hz for Me; 470 Hz for Ph).259 (Et4N)2[MoS(edt)](μ-S)2 (δ 

1465, edt = ethane-1,2-dithiolate) was used to react with 1 equiv of M(PPh3)3
+ (M = Cu, Ag) to 

give incomplete cubane-like clusters (Et4N)[Mo2(edt)2M(PPh3)(μ-S)3(μ3-S)] (26, M = Cu, δ 1800; 

Ag, δ 1656).260 When 2 equiv of Cu(PPh3)3
+ was used, the reaction yielded cubane-like 

Mo2(edt)2Cu2(PPh3)2(μ3-S)4 (27, δ 2002).260 
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   (26)      (27)         (28) 

 

95Mo shifts of octahedral Mo(II) halide clusters (Bun
4N)2(Mo6X14) (X = Cl-, δ 2937; X = Br-, 

δ 3203; X = I-, δ 3256) were used to compare with those from quantum chemical calculations to 

study the influences of different factors on the quality of the calculated shifts.261 95Mo shifts of 

their mixed halide analogs (Bun
4N)2[(Mo6X8)Y6] (X, Y = Cl-, Br-, I-) were found to correlate with 

first- and second-order spin−orbit coupling constants (in the ranges of 620-870 and 50-99 cm-1, 

respectively) of the clusters.262 

95Mo and 17O NMR studies of polyoxomolybdate Mo7O24
6- at pH 7-1 in 0.3-6 M HClO4 

showed that shifts of Mo atoms with terminal oxo ligands are in the δ ~20-34 range, while those 

of central Mo atoms with no terminal oxo ligands were δ ~200-210.263 17O shifts of terminal and 

bridging oxo ligands were δ 745-837 (terminal =O), 354-784 (μ-O), 293-339 (μ3-O), and 121-122 

(μ4-O).263 

For the use of electron-electron double resonance (ELDOR)-detected NMR (EDNMR), 

hyperfine sub-level correlation (HYSCORE), and electron-nuclear double resonance (ENDOR) 

to study hyperfine interactions in polyoxometalate PV2Mo10O40
6- with one reduced V(IV) ion,198 

see Section 13.3.  

Organometallic Mo(IV) complex [[(η5-C5H4Me)2Mo(μ-H)2]2Ag]PF6 gave a very broad 95Mo 

peak at δ 3953.264 cis-Mo(CO)4(bdmsa) [bdmsa = bis(2-dimethylstibanylbenzyl)methylamine, 

MeN(CH2-o-SbMe2-C6H4)2] containing a chelating bis-stibine ligand was synthesized, giving a 

95Mo resonance at δ -1729.265 95Mo and 77Se NMR were used to characterize cis-Mo(CO)4[o-

(CH2SeMe)2-C6H4] with a chelating bis-seleno-ether ligand, giving resonances at 95Mo δ -1393 

and 77Se δ 157.6.266 Analogous complexes were also prepared and characterized. NMR studies 

of Mo(CO)5L with a tellurophene ligand [L = 1,3-dihydro-benzo[c]tellurophene (28)] gave 95Mo δ 

-1731 and 125Te δ 418.267 95Mo and 77Se NMR were used to characterize di- and tri-substituted 

complexes cis-Mo(CO)4L2 (95Mo δ -1550; 77Se δ 468) and fac-Mo(CO)3L3 (95Mo δ -1320; 77Se δ 
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532).267 

Studies of 95Mo spin-lattice relaxation times T1 for Mo(CO)6 encapsulated in dried 13-Å 

Na-Y zeolite at 223-323 K showed that Mo(CO)6 experienced significant rotational freedom in 

the zeolite supercages.268 The activation energy for rotation was about 40(4) kJ mol-1 and 

rotational correlation time, τc, at ambient temperature was approximately 3 orders of magnitude 

longer than that in solution. 

 Molecular topology was used to show that there was a positive correlation between 

experimental 95Mo shifts in potassium oxothiomolybdenates [MoO4
2- (δ 0), MoO3S2- (δ 497), 

MoO2S2
2- (δ 1066), MoOS3

2- (δ 1654), MoS4
2- (δ 2258)] and bond-parameterized topological 

indexes.269 Randic earlier developed the Randic connectivity indices to characterize molecular 

branching of, e.g., hydrocarbons.270 Extended Randic index developed later by Zhang and Xin 

was used for inorganic compounds, and expanded further here by Li and You to correlate with 

the 95Mo shifts.271 Semi-empirical, CNDO and ab initio MO methods were used to calculate 95Mo 

shifts of the oxothiomolybdenates.272 The work showed that shift was mainly determined by the 

increasing d,p-orbital electron populations on the Mo atom from the softer S atom and better 

overlap between the 3s,3p orbitals of the S atoms with the Mo valence orbitals. Large electron 

populations increased the paramagnetic contribution to the 95Mo shift.272 

In NMR studies of α atoms of ligands, the peroxide 17O shifts of monoperoxyo Mo 

complexes were found to be at δ 487-536.135-136 17O shifts of the diperoxyo Mo(VI) complexes 

were more shielded at δ 412-468 than those of the monoperoxo complexes.135-136 Other 17O 

studies were performed on Mo complexes derived from desferrioxamine B,273 acetohydroxamic 

acid,273 and hydroxypyridinonate systems.274 

(ButO)3Mo≡15N was synthesized via the heated reaction of MeC≡15N with (ButO)3Mo≡N, 

which was monitored via 15N NMR. The 15N signal for the (ButO)3Mo≡15N was found at δ 

828.8.275 When (ButO)3Mo≡N reacted with its W(VI) analog (ButO)3W≡15N, both (ButO)3Mo≡15N 

and (ButO)3W≡15N were found via 15N NMR,275-276 indicating a rapid metathesis process. VT 1H, 
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15N, and 2-D 1H-1H ROESY (ROESY = Rotating Frame Overhauser Effect Spectroscopy) 

spectra indicated a rapid exchange of the proton on one N atom and the hydride ligand on 

[CpMo(H)(CO)(PR
2NR′

2H)](BArF
4) complexes (29, PR

2NR′
2 = 1,5-diaza-3,7-diphosphacyclooctane 

diphosphine with R groups on N and P atoms; R = Ph, But, R′ = Ph, But, CH2Ph).277 For 

additional discussion of ROESY, see Section 13.1. 

 

 

(29) 

 

5.3. Tungsten complexes 

 183W is a spin 1/2 nuclide with 14.31% natural abundance. However, both its 

gyromagnetic ratio and sensitivity (relative to 13C) are low. In addition, there are technical 

difficulties in 183W NMR spectroscopy, including relatively slow relaxation requiring long delays 

between NMR pulses for data collection and low NMR frequency near the lower limit of many 

commercial instruments. Thus, 183W NMR studies had been limited for several years even 

though its chemical shift range is >11,000 ppm.69,246 

183W NMR of inorganic compounds reported before 1996 was reviewed.246 Thus, the 

current review focuses on the publications since then. 

Polyoxometalates were a focus in the studies using 183W NMR. As discussed in the 

section on vanadium complexes, 51V, 183W and 17O NMR was used to characterize the mixtures 

of tungstovanadates from the reaction of NaVO3 with Na2WO4, such as cis-W4V2O19
4- (183W δ 

69.0) and WV9O28
5- (183W δ 74.5).192 17O NMR shifts in the range of δ 1191 to -68.2 were 

assigned to different O ligands in the complexes. For α-H2W11VO40
7-, six 183W resonances, 
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centered around δ -123, were observed.192 For Preyssler heteropolyoxoanions Mn+P5W30O110
n−15 

(Mn+ = Na+, Ca2+, Sr2+, Y3+, La3+ and Th4+), their 183W NMR spectra (shifts in the range of δ -196 

to -291) were used to identify the atomic origin of the LUMO states, which were composed 

primarily of orbitals from the ring of five W atoms near the Mn+ ion.278 Reaction of H3PW12O40 

with K2CrO4 led to the formation of K13(KP2W20O72) which was characterized by 183W NMR and 

other spectroscopies.279 The reaction of Na10(α-SiW9O34) with Ce4+ and Hf4+ in CH3COONa 

buffer solution leads to the formation of sandwich polyoxometalates Ce4(μ3-

O)2(SiW9O34)2(CH3COO)2
10- and Hf3(μ-OH)3(SiW9O34)2

11-, respectively.280 The compounds with a 

polynuclear cluster fragment stabilized by two α-SiW9O34
10− polyanions were characterized by 

183W NMR, giving several resonances (δ -147.9 to -180.2) for the former and two resonances (δ 

-145 and -175) for the latter. 29Si NMR of the two compounds showed one sharp resonance at δ 

-84 and -85, respectively, consistent with two equivalent SiW9O34
10- units in the molecules.280 

(Et2NH2)8[α-PW11O39M(μ-OH)(H2O)]2 (M = Zr, Hf), containing dinuclear Zr and Hf fragments 

sandwiched between 2 mono-lacunary α-Keggin polyoxometalates, were prepared and 

characterized by 183W and 31P NMR.281 The 183W spectra showed six resonances for each 

compound in the range of δ -107.6 to -155.5 in aqueous solution.281 Equilibrium of the proton 

cryptate polyoxometalate, α-H2W12O40
6- + H+ ⇌ H3W12O40

5- (as Bun
4N+ salt) in CD3CN was 

characterized by 1H and 183W NMR and other techniques.282 The studies show that, in 

nonaqueous media, the internal cryptand cavity of α-H2W12O40
6- (1H δ 6.01; 183W δ -99) 

reversibly accommodated only one H+ ion to yield H3W12O40
5- (1H δ 6.81; 183W δ -88). Speciation 

and equilibria during base decomposition of α-PW12O40
3- (183W δ -96.7) were probed using 31P 

and 183W NMR at pH 0.7-13.5.283 183W resonances of chiral polyoxotungstats α-P2W17O61
10- (17 

peaks each in the range of δ -108.5 to -226.1) was assigned to the W atoms in the clusters 

using selective 31P-183W decoupling and 183W-183W COSY NMR.284 

183W NMR was used, along with other spectroscopies and DFT calculations, to study 

reactions of Na2WO4 with 8-hydroxyquinoline-5-sulfonic acid [H(8-HQS) (20)] in water, forming 
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one dimeric [W2O4(8-HQS)2(μ-O)]2- (δ -74.5) and two monomeric WO2(8-HQS)2
2- (δ 20.7 and 

63.3) complexes.256 Reactions of Na2WO4 with 3-phospho-D-glyceric acid, giving five 

products,257 which were identified by multinuclear NMR and DFT studies.257 183W shifts were in 

the ranges of δ 48.0 and -241.8. 17O shifts were in the ranges of δ 647-526 for terminal oxo 

ligands and δ 342 for bridging oxo ligands.257 The 17O shifts of the tungsten 3-phospho-D-

glycerate complexes (δ 554, 526 for terminal W=17O; 342 for bridging W-17O-W)257 were more 

shielded than the Mo analogs (δ 867, 842, 833 for terminal Mo=17O; 381 for bridging Mo-17O-

Mo),257 which followed a trend for multiple-bonded ligands.285 Reaction of peroxotungstates, 

prepared from H2WO4 and H2O2, with H2SeO4 gave Se-containing dinuclear complex, 

(Bun
4N)2[(μ-SeO4)W2O2(O2)4], which was characterized by 77Se (δ 1046) and 183W (δ -569.2) 

NMR and other techniques.286 This complex was a catalyst for the epoxidation of homoallylic 

and allylic alcohols with H2O2. (Bun
4N)2WO4 catalyzed fixation of CO2 with o-phenylenediamine 

into 2-benzimidazolone.287 Reaction of (Bun
4N)2WO4 with o-phenylenediamine gave an adduct 

through hydrogen bonds between the N-H groups and the oxo ligands, shifting 183W resonance 

in WO4
2- to δ 16.4 which is more shielded by 14.7 ppm.287 Reaction of (Bun

4N)2WO4 with CO2 

gave (Bun
4N)2[WO4(CO2)] (183W δ 57.8) and (Bun

4N)2[WO4(CO2)2] (183W δ 22.6), in which the oxo 

ligands were believed to bind to the C atom in CO2.287 

 183W NMR was also used to characterize organometallic complexes. 183W-31P HMQC 

spectra were used to obtain indirectly 183W shifts of cis and trans isomers of diphosphines 

W(CO)4(PPh3)(PR3) [R3 = Bun
3, Me3, Me2Ph, MePh2, Ph3, (4-OMe-C6H4)3, (4-Me-C6H4)3, (4-F-

C6H4)3] and phosphine phosphites W(CO)4(PPh3)[P(OR)3] [R3 = (OMe)3, (OEt)3, (OPh)3].288 183W 

shifts of trans-W(CO)4(PPh3)(PCy3) (δ 797) and trans-W(CO)4(PPh3)[P(NMe2)3] (δ 824) were 

similarly measured. The 183W shift range of the complexes was δ 964 for cis-W(CO)4(PPh3)[P(4-

F-C6H4)3] to 722 for trans-W(CO)4(PPh3)[P(OMe)3] with, e.g., δ 842 and 849 for trans-

W(CO)4(PPh3)(PMe3) and cis-W(CO)4(PPh3)(PMe3), respectively.288 How the shifts were 

correlated with Tolman electronic factors and cone angles of the PR3 and P(OR)3 ligands was 
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discussed.288 Spectroscopic, structural and computational studies of the starting complex (30) in 

Figure 2 indicated that it was a heterocyclic ylide complex (δW -3303).289 The product of the 

reaction (31) (δW -3221) may be formally considered to be a phosphanylcarbene complex. 

 

 

   (30)     (31) 

Figure 2. Reaction of 30 with (Me3O)BF4 to give 31. 

 

Calculations of 183W shifts were reported in several publications, including the use of 

DFT methods for polyoxometalates290 and to optimize structures of the four isomers of 

SiW11O39
8-, calculating their 183W NMR spectra, which were compared with experimental 

shifts.291 Relativistic DFT methods were used calculate 183W shifts of polyoxometalates,292 

polyoxotungstates,293 counterion effects on the 183W NMR spectra of the lacunary Keggin 

polyoxotungstate PW11O39
7–,294 and 183W and 17O NMR shifts for large polyoxotungstates such 

as W6O19
2-.295 Extended Hückel MO calculations were employed to analyze 183W and 17O NMR 

shifts in polyoxometalates.296 

In NMR studies of α atoms of ligands, the 17O shifts of the peroxide ligand in diperoxyo 

W complexes were found at δ 346-400.135-136 Several peroxotungstate species, such as 

[WO(OH)(O2)2]- and W4O12(O2)2]4-, prepared from the reaction of Na2(WO4) with H2O2, were 

identified by 17O NMR using the ratio of the shift of the O atom in the W anion to the shift  of the 

O atom in the known Mo anion.297 This ratio was consistently around 79%. Many of these 

signals in the NMR were pH dependent.297 

(ButO)3W≡15N was synthesized via the reaction of MeC≡15N with (ButO)3W≡N, which 
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was monitored via 15N NMR. The 15N signal for the (ButO)3W≡15N was at  δ 791.8.275 Several 

metathesis reactions of organic and inorganic complexes containing the nitride ≡N group were 

carried out with (ButO)3W≡15N in order to study the degree of 15N scrambling.275-276 

Several techniques such as 15N, 13C INEPT, and 19F NMR were used to analyze 

WOF4(aph)- (aph = acetone phenylhydrazonate, Me2C=N-(Ph)N-).298 It was found that the aph 

acted as an N,N donor ligand, and stereoisomeric interconversion occurred in WOF4(aph)- at 

elevated temperatures with activation parameters of H = 78.5 kJ/mol, S = 56.78 J/mol·K, 

G
313 = 60.71 kJ/mol.298 119Sn NMR was used to monitor the conversion of (µ-

Cl)3W2(SnCl3)(CO) to (µ-Cl)3[W(SnCl3)(CO)3]2- over time in CDCl3 or CD2Cl2 solution.299 

 

6. Group 7 (Mn, Tc and Re) 

For the three elements, NMR of both the metals (55Mn, 99Tc, 187Re) and ligands have 

been reported. Nuclear and NMR properties of the nuclides, including recommended and 

commonly used references, are given in Table 8. The receptivities (relative to 13C) of the 

nuclides are fairly large, and their resonance frequencies (with 1H = 100 MHz) are relatively 

high. However, all are quadrupole nuclides with modest to large quadrupole moments. Thus, 

line widths sometimes lead to sensitivity losses. 

 

Table 8.26 Nuclear and NMR properties of 55Mn, 99Tc and 187Re 

Nuclide 

Natural 

abun-

dance 

(%)a 

Spin 

Relative receptivity  
Gyromagnetic 

ratio (107) 

(rad s-1 T-1) 

Quadrupole 

moment Q  

(fm2)  

Ξ (and 

frequency, 

MHz; 1H = 

100 MHz, 

2.3488 T) 

Reference 

sample  DH 

(1H = 1.00) 

DC 

(13C = 1.00) 

55Mn 100 5/2 0.179 1.05 x 103 6.6452546 33.0 24.789218 KMnO4 (aq) 

99Tc - (β 9/2 - 21341 6.046 -12.9 22.508326 NH4TcO4 
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decay) (aq) 

(185Re)b,c 37.40 5/2 5.19 × 10-2 305 6.1057 218.0 22.524600 

KReO4 (aq) 

187Reb 62.60 5/2 8.95 × 10-2 526 6.1682 207.0 22.751600 

a Unless noted, the isotopes are stable. The natural abundances are based on the NIST data.25 

b We did not find a publication in 1990-2019 on the 185Re or 187Re NMR of a metal complex. 

c 185Re in parenthesis is considered to be the less favorable of the element for NMR.26 

 

6.1. Manganese complexes 

Publications using 55Mn NMR that we found were mostly on manganese carbonyl 

derivatives,265-267,300-313 many of which were published in the 1990s and early 2000s.267,300-313 

Selected complexes are discussed here, and their 55Mn shifts may be compared with δ -2353 in 

Mn2(CO)10.1,303 C-Glycosyl compounds function as nucleoside surrogates and they served as 

biochemical probes.311 RMn(CO)5 (e.g., R = glycosyl) were studied as starting materials to make 

carbonyl derivatives through migratory insertion. 55Mn NMR shifts of methylether derivatives of, 

e.g., β-glucosyl-Mn(CO)5 (32, δ -2059) were found to be in a narrow range (±10 ppm), typical for 

alkyl-Mn(CO)5 complexes.311  

 

 

(32) 

 

(4-X-C6H4)3Sn-Mn(CO)5 (X = H, Me, OMe, SMe, F, Cl) were characterized by 55Mn, 119Sn 

and 13C NMR, giving, e.g., 55Mn δ -2502 and 119Sn δ -11.93 for Ph3Sn-Mn(CO)5 (X = H).313 The 

55Mn and 119Sn shift ranges are δ -2479 to -2526 and δ 1.13 to -11.93, respectively, for the 

complexes.313 [(OC)5Mn]3(μ3-E) (E = As, Sb, Bi), containing one E atom bonded to three 

Mn(CO)5 groups in trigonal pyramid structures, were characterized by 55Mn NMR.302 The shifts 
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(δ) of the three pnictogen compounds, E = As (-2020), Sb (-2230), Bi (-2320), show an increase 

of shielding on the Mn atom in the order E = As, Sb, Bi.302 Stibine complexes Mn2(CO)9(SbPh3) 

and (Ph3Sb)(OC)4Mn-Mn(CO)4(SbPh3) [with the SbPh3 ligand(s) in the axial position(s)] show 

two 55Mn resonances for the former (δ -2389 and -2394) and one resonance (δ -2070) for the 

latter.304 Distibine complexes Mn2(CO)8(μ-R2SbCH2SbR2) (R = Me, Ph) give 55Mn shifts at δ -

2317 and -2195, respectively.303 55Mn resonance for Mn(CO)3[MeN(CH2-o-SbMe2-C6H4)2](OTf) 

containing a chelating bis-stibine ligand is δ -850.265 Multinuclear NMR, including 55Mn, was 

used to study a series of Mn(I) phosphine, arsine, and stibine carbonyl halide complexes, such 

as fac-MnX(CO)3(Ph2PCH2CH2CH2PPh2) (δ X = Cl-, -916; Br-, -1005), showing that the less 

electronegative Br- ligand led to more shielding on the Mn(I) ion.309 55Mn shifts of the stibine 

analogs, such as MnX(CO)3(Ph2SbCH2CH2CH2SbPh2) (δ X = Cl-, -880; Br-, -1006) and As 

compounds, such as MnX(CO)3(Ph2AsCH2CH2AsPh2) (δ X = Cl-, -932; Br-, -1046), were also 

reported.309 

55Mn and 77Se NMR were used to characterize Mn(CO)3Cl[o-(CH2SeMe)2-C6H4] with a 

chelating bis-selenoether ligand, giving 55Mn and 77Se resonances (Table 9) for different 

invertomers of the complex.266 Invertomers are isomers interconverted by inversion of an atom 

with a lone pair of electrons. NMR studies of the di-tellurophene complex fac-MnCl(CO)3L2 [L = 

1,3-dihydro-benzo[c]tellurophene (28)] showed 55Mn and 125Te resonances (Table 9).267 The 

NMR shifts of telluroether complexes fac-MnCl(CO)3(TeMe2)2 and its mer,trans isomer were 

studied (Table 9),307 and compared with thioether and selenoether analogs MnCl(CO)3(EMe2)2 

(E = S, Se, Table 9),307 showing increasing shielding of the Mn(I) ion in the order S, Se and Te. 

This order is consistent with the electronegativity decrease from S, Se to Te, thus placing most 

electron density on the Mn(I) ion in the Te compound. 

 

Table 9. NMR chemical shifts of selected Mn carbonyl complexes with thio-, seleno- or 

telluroether ligands 
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Complexes 55Mn shifts (δ) 77Se shifts (δ) 125Te shifts (δ) 

MnCl(CO)3(SMe2)2
307 -57 - - 

MnCl(CO)3(SeMe2)2
307 -205 66 - 

fac-MnCl(CO)3(TeMe2)2
307 -637 - 161 

mer,trans-MnCl(CO)3(TeMe2)2
307 -920 - 271 

Mn(CO)3Cl[o-(CH2SeMe)2-C6H4]266 

(different invertomers) 
-42, -77, -113 

147.8, 124.1, 

122.5, 120.5 
- 

fac-MnCl(CO)3L2 [L = (28)]267 -600 - 472 

 

 

For Mn organometallic complexes without CO ligand, 55Mn NMR of CpMn(η6-C6H6) and 

derivatives with substituents on either the Cp- or benzene ligand as well as on both ligands was 

studied, showing, e.g., δ -180 for CpMn(η6-C6H6).314  

Calculations and electronic analyses of NMR chemical shifts for Mn(CO)5X (X = F-, Cl-, 

Br-, I-, and Me-) showed that the origin of the chemical shifts was the paramagnetic effects from 

d-d transitions on the Mn ions.315 

In NMR studies of α atoms of ligands, reaction dynamics of water exchange on Mn(II) 

polyoxometalate [Mn4(H2O)2(P2W15O56)2]16− has been determined as a function of pH using VT 

17O NMR.316 The NMR signals were compared with monomeric [Mn(H2O)6]2+. While the water 

exchange rate of [Mn(H2O)6]2+ was affected by pH in the 3.2-6.0 range, the rate of exchange of 

the polyoxometalate ion varied greatly.316 Water exchange dynamics in Mn porphyrin317 and 

salen318 complexes was also studied via 17O NMR.  

15N-enriched guanine (G) was incorporated into self-complementary 

oligodeoxynucleotides containing the GG doublet and GGG triplet in order to study the reactivity 

differences in the G runs.319  The line broadening in the 15N NMR showed that site-selective 

binding of Mn(II) and Co(II) ions to G runs was correlated with with HOMO distribution obtained 
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by MO calculations.319 In other words, the binding of electron-deficient metal ions to the N atom 

of electron-rich G is likely a HOMO-controlled process.319 

Several silane complexes and σ-borane Mn complexes, which were studied by 29Si and 

11B NMR, respectively, were discussed in a 2008 review.139 

 

6.2. Technetium complexes 

Technetium is the only transition metal in the 3d, 4d and 5d series (and the lightest 

element in the periodic table) whose isotopes are all radioactive. 99Tc (used in NMR) decays to 

stable 99Ru as a weak beta emitter with a half-life of 2.111 x 105 years.320 It is the most 

significant long-lived fission product of U fission. 

Tc chemistry was inspired to a large degree by applications of the short-lived metastable 

nuclear isomer 99mTc in molecular imaging and radiopharmacy.320 99mTc decays by isomeric 

transition to 99Tc with a half-life of only 6 h, making it difficult to characterize 99mTc complexes 

directly. Thus, the long-lived 99Tc analogues are often used. Binding of TcO4
- to uranyl ion was 

also studied, as TcO4
- was co-extracted with UO2

2+, PuIV and ZrIV from irradiated nuclear fuel 

dissolved in HNO3.321-322 

Solution 99Tc NMR of inorganic compounds reported up to 2004 was reviewed.323 A 

figure showing the correlation between 99Tc chemical shifts and Tc oxidation states in reported 

complexes was given in a 2017 paper.324 We focus on the publications since 2004 in the current 

review. 

Speciation of Tc(VII) pertechnetate in concentrated HClO4 and HNO3 was studied by 

several techniques, including 99Tc NMR, showing that pertechnetic acid, HTcO4, formed in >8 M 

HClO4 while in concentrated HNO3, TcO4
- was still the predominant species.325 In 12 M H2SO4, 

experiments and DFT calculations showed the formation of yellow TcO3(OH)(H2O)2 (δ 300).326 

When HTcO4 solution concentrated, likely products with different colors, such as H5TcO6, 

HTcO4·H2O, and Tc2O5, were probed by 99Tc NMR among others.327 Reaction of HTcO4 with 
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MeOH and 12 M H2SO4 studied by spectroscopies (e.g., 99Tc NMR) and ab initio calculations 

showed the formation of reduced Tc(V) oxo sulfate species that lack 99Tc NMR signals in the δ 

0-800 region.328 

The 99Tc NMR spectrum of the aqueous pertechnetate ion with natural abundance of 17O 

(0.038%, spin 5/2) and 18O (0.205%, spin 0) isotopes25 was sensitive to the O isotopes and 

temperature of the solution.329 Since 17O and 18O atoms have one and two more neutrons, 

respectively, than an 16O atom (99.757% natural abundance, spin 0), the 99Tc ion in 

Tc(16O)3(17O)- and Tc(16O)3(18O)- was more shielded than that in Tc(16O)4
-. This is a result of the 

isotope effects in nuclear shielding.330 Since the Ta=17O and Ta=18O bonds with the heavier O 

isotopes are the shorter than the Ta=16O bond, the shorter bonds in the heavier isotopomers 

lead to larger shielding of the 99Tc nuclei and thus  isotope shifts of the 99Tc resonance to 

become more shielded. The shift of the Tc(16O)3(18O)- resonance [δTc(16O)3(18O)- - δTc(16O)4
- = -

0.428 ppm] is well resolved from the peak of Tc(16O)4
- at 10 C.329 Coupling by the 17O atom in 

Tc(16O)3(17O)- gave a sextet with the 99Tc resonance (extracted by averaging the six lines) 

showing an isotope shift of Tc(16O)3(17O)- [δTc(16O)3(17O)- - δTc(16O)4
- = -0.241 ppm] at 10 C.329 

Isotopomers with more 18O atoms, such as Tc(16O)2(18O)2
-, Tc(16O)(18O)3

- and Tc(18O)4
-, showed 

additional isotope shifts to be more shielded.331 

TcO4
- ions coordinated directly to actinides in the presence of O=PR3 ligands, yielding 

[O3Tc(-O)]2UO2(O=PPh3)3 and [O3Tc(-O)]4Th(O=PBun
3)4, both giving broad 99Tc 

resonances.322 When chelating bis(diphenylphosphino)methane dioxide ligand 

[Ph2(O=)PCH2P(=O)Ph2] was used, a similar reaction yielded [O3Tc(-

O)UO2[Ph2(O=)PCH2P(=O)Ph2]2](TcO4) with two 99Tc resonances (δ 2.0 and 16.9 for 

coordinated and uncoordinated TcO4
-, respectively.321 

99Tc shifts of Ph3EOTcO3 (E = C, δ 67.3; Si, δ 68.3; Ge, δ 25.2; Pb, δ 7.0) and 

(THF)Ph3SnOTcO3 (δ -5.1) and related Tc(VII) complexes were reported.332 99Tc NMR was used 
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to characterize Ta(VII) complexes with the TcO3
+ core and multi-dentate ligands such as 

TcO3(bpza) [δ 220; Hbpza = di-1H-pyrazol-1-ylacetic acid (33)] with the N,O,N ligand.333  

 

 

(33) 

 

Organometallic Tc complexes characterized by 99Tc NMR are mainly Tc(I) carbonyl 

compounds, especially those with fac-Tc(CO)3
+ fragment for its high stability.334 Kinetics of water 

exchange processes in fac-Tc(CO)3(H2O)3
+ was investigated by 17O (δ -52) and 99Tc (δ -868, 

1JTc-O = 80 Hz) NMR.334 Conversion of fac-Tc(CO)3(H2O)3
+ in 10 M NaOH and 5 M NaOH caustic 

solution was studied by 99Tc NMR, showing that fac-Tc(CO)3(H2O)3
+ (δ -869) was deprotonated 

stepwise to form fac-Tc(CO)3(H2O)2(OH) (δ -1069), fac-Tc(CO)3(H2O)(OH)2
- (δ -1146), and fac-

Tc(CO)3(OH)3
2- (δ -1204) based on DFT calculations, as the Tc(I) ions were increasingly 

shielded with deprotonation.335 Theoretical modeling of 99Tc NMR shifts was developed based 

on DFT calculations and the calculated shifts were compared with the experimental values of 

fac-Tc(CO)3(H2O)3
+ and fac-Tc(CO)3(H2O)3-n(OH)n

(n-1)-.335 When fac-Tc(CO)3(H2O)3
+ was 

exposed to 13CO (49 atm) in water in a sapphire NMR tube (99Tc δ -866.7), stepwise 

replacement of CO ligands to form fac-Tc(13CO)3(H2O)3
+ at 4 °C in several days was probed by 

99Tc NMR.336-337 The 99Tc NMR spectrum of fac-Tc(13CO)3(H2O)3
+ (Figure 3)337 showed an 

isotope shift as well as the coupling by three 13CO ligands, giving a 1:3:3:1 quartet at δ -869.7 

(1JTc-C = 354 Hz).336 In three weeks at room temperature, substitution of water ligands by 13CO, 

yielding fac-Tc(13CO)6
+ (δ -1961 as a septet, 1JTc-C = 261 Hz), was used to follow the reaction.336-

337 Since 99mTc was a precursor to radiopharmaceutical agents,334 the kinetic properties, which 

were important to the preparation, uptake and clearance of the 99mTc agents, were reviewed in 
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2008.337 Properties of fac-Tc(CO)3(OH2)3−n(OH)n
1-n (n = 0-3) in aqueous solutions with high ionic 

strength, including 99Tc NMR, were studied to help identify and treat Tc speciation in nuclear 

waste.338 

 

  

Figure 3. 99Tc NMR spectra of fac-Tc(CO)3(H2O)3
+ and fac-Tc(13CO)3(H2O)3

+ under 13CO (49 

atm), demonstrating 13C-isotope shifts and the 1JTc-C coupling.337 

 

Tc(CO)5X (X = Cl-, Br-, I-) gave 99Tc resonances at δ -1745, -1802 and -2034, 

respectively, showing the most shielded Tc(I) ion in Tc(CO)5I with the least electronegative 

iodine in the halide series.339 The perchlorate analog Tc(CO)5(ClO4) containing a Tc-O bond 

showed the 99Tc resonance at δ -1353.340 

Nitrosyl complex (NEt4)2[Tc(CO)2(NO)Cl3] (δ -460) and a dimer [TcCl(μ-Cl)(CO)2(NO)]2 (δ 

-389) were prepared and characterized by 99Tc NMR among others.341 99Tc resonances of 

several cyclopentadienyl nitrosyl complexes CpTc(NO)(PPh3)X (X = OTf-, δ 242; O2CCF3
-, δ 19; 

SCN-, -820; I-, -668; I3-, -679) were measured.342 99Tc shifts of other Tc(I) complexes, such as 

Cs[Tc(NO)(PPh3)2(OOCCF3)2F] (δ 952) and [Tc(NO)(dppe)2(OOCCF3)](PF6) (δ -627; dppe = 

Ph2PCH2CH2PPh2), as well as those at Tc(III), Ta(V) and Tc(VII) oxidation states were 
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summarized in a figure in Reference 324.  

99Tc shifts of several Tc(VII), Tc(I) and Tc(0) species were computed by DFT 

methods.343 Complexation to aqueous uranyl, UO2
2+, was predicted to only slightly affect the 

99Tc shift of TcO4
−.343 DFT calculations were also performed to obtain 99Tc NMR parameters for 

Tc(CO)3(N,N,O) (34) containing a tridentate N,N,O ligand, as its 99mTc isomer is a potential 

breast cancer radiopharmaceutical.344 

 

 

(34) 

 

For the NMR studies of α atoms of ligands, see the previous discussion in this section on 

the use of 17O and 13C NMR of Tc complexes. 

 

6.3. Rhenium complexes 

 We did not find a publication in 1990-2019 on either 185Re or 187Re NMR of metal 

complexes, as indicated in Table 8. Very few solution 185Re or 187Re NMR spectra have been 

reported. Thus, the following reports before 1990 are briefly discussed. 

Solution NMR spectrum of NaReO4, showing both 185Re and 187Re resonances, was 

reported in 1970,345 1986,346 and 1987.347 In 1981, 185,187Re resonance of the Re(I) complex 

[Re(CO)6]Cl·HCl in THF at 295 K was found to be δ -3400 relative to aqueous NaReO4.348 

185,187Re resonances of (Ph4P)(ReO4) in HCONMe2/toluene (δ ~0) and (Et4N)(ReS4) in 

MeCN/CH2CI2/Me2S=O at 305 K [δ(185Re/187Re) 3200/3435] were reported in 1986.346 

In NMR studies of α atoms of ligands, the diperoxo complex ReO(O2)2Me(H2O) was 

synthesized and characterized by 17O NMR and X-ray crystallography.135,349 The 17O shifts of the 
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peroxide ligands were found to be at δ 363 and 422.135 Several silane complexes and σ-borane 

Mn complexes, which were studied by 29Si and 11B NMR, were discussed in a 2008 review.139 

The σ-borane Mn complexes were compared with a σ-borane Re analogue.139 

In the studies of Re(η5-C5H4Pri)(CO)(PF3)Xe by several NMR spectroscopies including 

19F-129Xe HMQC and 19F-31P HMQC,350 the Xe chemical shift was determined to be about δ -

6179 with 2JXe-P = 41.8 Hz, and 3JXe-F = 5.1 at 163 K.350 15N NMR was conducted after the 

addition of Lewis acids and H-bond donor molecules, such as BArF
4 or C6H5OH, to 15N-labeled 

trans-Re(N2)Br(depe)2 [depe = 1,2-bis-(diethylphosphino)ethane].351 The additions of these 

acids and donors caused ashift in the 15N NMR resonances to be more shielded. For example, 

upon addition of BArF
4, one of the peaks shifted from δ -61.3 to -173.3 and the other from δ -91.1 

to -93.8.351   

Organorhenium (VII) oxides complexes with general formulas ReO3R or ReO3R•Ln (e.g., 

R = Me, SiMe3, Cp; L = quinuclidine, pyridine; n = 1, 2) were studied by 17O NMR,352 showing 

that shifts of the oxo ligands were affected by the donor ability of the R ligands.352 The 17O shifts 

of the oxo ligands were also affected by the solvent, especially if the R ligand was not a strong 

donor or did not cause steric hinderance in the complex.352 17O NMR was used to follow the 

reactions of EtReO3 and (2,6-Me2-C6H3)ReO3 as epoxidation catalysts in the presence of 

ButOOH.353-354 17O-enriched MeReO3 was used to transfer the labeled 17O to water and 

subsequently transfer the 17O to the water-sensitive EtReO3 or (2,6-Me2-C6H3)ReO3.353-354 17O 

NMR showed that the oxygen insertion into the Re-C bond, giving the respective alkoxide 

trioxorhenium compounds, led to decomposition of the catalyst.353-354 Other catalytic systems 

such as aldehyde-olefination using the catalyst MeReO2(PhC≡CPh) and PPh3 were also 

investigated using 17O NMR.355 Water exchange on fac-(CO)3Re(H2O)3
+ using 17O-enriched 

water was followed by 17O NMR.356 

With mono- and bidentate ligands of various nucleophilicities [e.g., CH3CN, Br-, Me2S, 

CF3COOH, thiourea, bipy, and phenanthrene (phen)] were followed by 17O NMR as well.356 The 
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pKa values for the successive dissociation of ReO(H2O)(CN)4
+ were determined to be 1.31 and 

3.72 via 17O and 13C NMR.357 Line broadening of the 17O signals occurred at lower pH values. 

Other complexes such as Re2O3(CN)8
4- and ReO(NCS)(CN)4

2- were also analyzed via 17O 

NMR.357 

 

7. Group 8 (Fe, Ru and Os) 

For the three elements, NMR of both the metals and ligands have been reported. 

Nuclear and NMR properties of the nuclides, including recommended and commonly used 

references, are given in Table 10. 57Fe, 99Ru and 187Os NMR spectroscopies are, however, 

challenging mainly from the unfavorable magnetic properties of the nuclides.1 The spin 1/2 

nuclides 57Fe and 187Os have low sensitivity to detection and their receptivities are lower than 

that of 13C nuclide by about three orders of magnitude.69 For quadrupolar 99Ru, 101Ru and 189Os, 

they are much more sensitive than 57Fe and 187Os, but quadrupolar broadening may be 

substantial, making their detection challenging. The chapter on the NMR of these three metals 

by Benn in the 1991 book edited by Pregosin gave a detailed review of the literature up to 

1990.1 

Inverse detection methods were developed to increase the sensitivity of the nuclides to 

indirectly determine chemical shifts by 2-D correlation experiments using coupling (J) to another 

magnetically active nuclide such as 1H or 31P. These methods for spin 1/2 nuclides 57Fe358-360 

and 187Os361-362 using HMQC (Heteronuclear Multiple Quantum Coherence),4 HSQC 

(Heteronuclear Single Quantum Coherence)4 or HMBC (Heteronuclear Multiple Bond 

Correlation)4 spectroscopy make the detection and acquisition of their chemical shifts much 

easier. Both HMQC and HSQC were based on 1-bond coupling such as 1JP-Fe, while HMBC is 

based on 2-4 bond coupling such as 2-4JP-Fe. The difference between the HMQC and HSQC 

methods is that during the HMQC evolution, both 31P and 57Fe magnetization evolve. In the 

HSQC evolution, only 57Fe magnetization is allowed to evolve. Thus, HMQC is affected by the 
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1JP-Fe coupling during the evolution, while HSQC is not affected, as there is no 31P magnetization 

during the evolution. 

An alternative to obtain 57Fe NMR for compounds with natural abundance is based on 

polarization transfer (PT) techniques such as 1H-57Fe INEPT, enhancing the signal/noise ratio 

with respect to single pulse detection.363-364 

 

Table 10.26 Nuclear and NMR properties of 57Fe, 99Ru and 187Os 

Nuclide 

Natural 

abun-

dance 

(%)a 

Spin 

Relative  

Receptivity  
Gyromagnetic 

ratio (107) 

(rad s-1 T-1) 

Quadrupole 

moment Q  

(fm2)  

Ξ (and 

frequency, 

MHz; 1H = 

100 MHz, 

2.3488 T) 

Reference 

sample DH 

 (1H = 1.00) 

DC 

(13C = 1.00) 

57Fe 2.119 1/2 7.24 x 10-7 4.25 x 10-3 0.8680624 - 3.237778 

Fe(CO)5 

(C6D6) or 

Cp2Fe (δ 

1540 in 

toluene365) 

99Ru 12.76 5/2 1.44 x 10-4 0.848 -1.229 7.9 4.605151 K4Ru(CN)6 

(aq) 101Rub 17.06 5/2 2.71 x 10-4 1.59 -1.377 45.7 5.161369 

187Os 1.96 1/2 2.43 x 10-7 1.43 x 10-3 0.6192895  - 2.282331 
OsO4 

(CCl4) 189Osc 16.15 3/2 3.95 x 10-4 2.32 2.10713 85.6 7.765400 

a Unless noted, the isotopes are stable. The natural abundances are based on the NIST data.25 

b We did not find a publication in 1990-2019 on 101Ru NMR. It is not used due to the larger quadrupole moment of 

101Ru nuclide than 99Ru nuclide. 101Ru properties are listed here for comparison. 

c We did not find a publication in 1990-2019 on 189Os NMR. It is not used as 189Os is a quadrupolar nuclide and 187Os 

is not. 

 

7.1. Iron complexes 

The reported 57Fe NMR shift range is about 12,000 ppm,358 including complexes with 

unpaired electrons. The shift is very sensitive to both steric and electronic factors. Thus, it 
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provides an excellent probe of changes within the coordination sphere of the metal atom. 

57Fe shifts of Fe(CN)6
4- (K+ salt, δ 2455) and [C(NH2)3]2[Fe(CN)5(NO)] [C(NH2)3

+ = 

guanidinium+, δ 2004] in D2O, two prominent textbook examples in coordination chemistry, were 

obtained using 25% 57Fe-enriched samples.366 14N shifts of δ -5.1 (NO+), -100 (broad for 

unresolved cis and trans CN- ligands), and -310 for the C(NH2)3
+ cation in 

[C(NH2)3]2[Fe(CN)5(NO)] vs. -105 for Fe(CN)6
4-.366 The fact that the Fe(II) ion in Fe(CN)5(NO)2- 

was more shielded than that in Fe(CN)6
4- was the subject of theoretical studies discussed 

below. 

57Fe NMR of iron porphyrin complexes was one major focus of research. 57Fe shifts of 

several diamagnetic Fe(II) porphyrin carbonyl complexes, including Fe(protoporphyrinate IX)(py-

d5)(CO) (35, δ 8205), were reported.367 Using an inverse detection method based on the 31P-

57Fe correlation and 94.5% 57Fe-enriched samples, 57Fe NMR shifts of over 25 diamagnetic 

Fe(II) porphyrin complexes with PMe3 ligands were obtained in 5 mm NMR tubes in as little as 

20 min.358 The complexes include Fe(TPP)(PMe3)2 (36, H2TPP = tetraphenylporphyrin, δ 7652), 

Fe(TPP)(PMe3)(CO) (δ 7627), and Fe(TPP)(PMe3)(py) (δ 8973), and Fe(OEP)(PMe3)2 (H2OEP 

= octaethylporphyrin, δ 7873).358 A correlation was found between Mössbauer quadrupole 

splittings (mm/s) and 57Fe NMR shifts of diamagnetic Fe(II) porphyrin complexes such as 

Fe(TPP)(PMe3)2 and Fe(OEP)(PMe3)2.368 57Fe shifts of stereo-hindered heme model compounds 

(with the so-called superstructures) and atropisomers (stereoisomers from hindered rotation 

about a single bond) showed that the shifts were very sensitive to deformation (ruffling) of the 

porphyrin geometry.369-370 57Fe shifts in metalloporphyrins may be predicted from 13C NMR shifts 

of the meso-C atoms of the TPP2- ligands in the complexes.370 
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   (35)    (36)   (37) 

 

57Fe and 15N shifts in Fe(II) phthalocyanine (Pc) complexes Fe(Pc)[P(OEt)3]L [37, L = 

H2N(n-decanyl)], 57Fe δ 6764; 15N δ -1.34; L = H2NCH2Ph, 57Fe δ 6794, 15N δ 3.45] were 

obtained from 31P-57Fe HMQC and 1H-15N gradient-selected HMQC (gHMQC) NMR, 

respectively.360 15N shifts of other diamine complexes Fe(Pc)L2, such as L = H2N(n-decanyl), 

H2NCH2Ph, were also reported.360 

For organometallic complexes, 57Fe NMR for ferrocene Cp2Fe with natural abundance 

was acquired with the 1H-57Fe INEPT polarization transfer (PT) technique.363 Substituted 

ferrocenes were a focus of 57Fe NMR studies with a report of 57Fe shifts of CpFe(η5-C5H4R) (R = 

SiMe3, δ 1626; SnMe3, δ 1611) and Fe(η5-C5H4R)2 (R = CMe3, δ 1621; R = SiMe3, δ 1728; R = 

GeMe3, δ 1690; R = SnMe3, δ 1692).371 For eight ferrocenes with monoamine substituents, 15N 

and shifts of other nuclides were reported, including CpFe(η5-C5H4NH2) (57Fe δ 1639; 15N δ -

345.7) and CpFe(η5-C5H4[N(SiMe3)(BEt2)]) (57Fe δ 1702; 15N δ -285; 11B δ 55.7; 29Si δ 8.4).372 

57Fe shifts of additional aminoferrocene and 1,1′-diaminoferrocene were reported, such as 

CpFe(η5-C5H4NPh2) (δ 1664) and Fe(η5-C5H4NH2)2 (δ 1709).365 57Fe shifts of ferrocenes with 

sulfinylamino364 or π-acceptor373 substituents as well as bridged [1]ferrocenophanes Fe[(η5-

C5H4)2SiMe2]374 were also studied. For substituted neutral ferrocenes, there was a linear 

relationship between Mössbauer quadrupole splittings (mm/s) and 57Fe shifts.375 The more 

shielded 57Fe ions (with more upper field 57Fe shifts), the larger the quadrupole splittings.375 

57Fe, 119Sn, 13C and 31P NMR were used to characterize a series of 
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CpFe(SnPh3)(CO)(PR3) complexes (R = Me, 57Fe δ 447; 119Sn δ 46.71; R = OMe, 57Fe δ 316; 

119Sn δ 47.76).376 57Fe NMR was used to characterize 35 cyclopentadienyl Fe(II) complexes with 

the general formulas CpFe(CO)2R, CpFe(CO)(PPh3)X, CpFe(CO)L(COMe) (L = PR3, and CO) 

and (η5-C5H4Y)Fe(CO)(PPh3)Me (Y = Me, SiMe3, NEt2, Ph, I, COOMe, COPri),359 including 

CpFe(CO)2Me (δ 684), CpFe(CO)(PPh3)H (δ 536), CpFe(CO)(PMe3)(COMe) (δ 1374), and (η5-

C5H4Me)Fe(CO)(PPh3)Me (δ 1367).359 NMR of dimer Fe2(CO)6(μ-SNH) was studied, giving 57Fe 

δ 1315 and 15N δ -374.7.377 Iron tricarbonyl complexes containing a substituted silole or 

analogous ligand were also studied by 57Fe NMR.378 

Inverse-detection techniques were used to indirectly measure 57Fe spin-lattice relaxation 

times for CpFe(CO)(PPh3)(COMe) [T1 = 4.4 s at 9.4 T (or 400 MHz 1H NMR) and 2.1 s at 14.1 T 

(600 MHz 1H NMR)].379 

As indicated in the 57Fe shifts summarized above, the Fe(II) ion in Fe(CN)5(NO)2- is more 

shielded than that in Fe(CN)6
4-.366 Since both complexes were prominent textbook examples in 

coordination chemistry, the shifts were studied theoretically to provide an understanding. Large 

geometry dependence of the shifts was found from a combined QM/MM (quantum 

mechanics/molecular mechanics) approach.380 Thermal and solvent effects on these shifts were 

simulated with two molecular-dynamics (MD)-based approaches.381 The computed trends for 

the chemical shifts could be rationalized by a large sensitivity of the magnetic shielding on the 

Fe-ligand distances.381 57Fe NMR shifts were calculated by a DFT method for Fe(CO)5, 

Fe(CO)3(H2C=CHCH=CH2), Fe(CO)3(cyclo-C4H4) and CpFe(CO)2R (R = Me, Bun, Pri).382 

In NMR studies of α atoms of ligands, the reaction mixture of excess 15NH2OH and 

Fe(CN)5(NH3)3- at pH 9 was monitored by 15N NMR,383 leading to the identification of the 

intermediate species Fe(CN)5(N2H2)3- (δ -76).383 Several Fe P,N,N pincer complexes, including 

(P,N,N)Fe(CO)2 [38, P,N,N = 2-[(di-tert-butylphosphino)methyl]-6-[1-(2,4,6-

mesitylimino)ethyl]pyridine], were characterized by several NMR techniques including 1H-15N 

HMQC and 1H-31P HMQC, giving 15N shifts of δ 258.1 and 259.2 for the pyridine and imido N 
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atoms in the P,N,N ligand of the complex 38, respectively.384  

 

 

                                                                             (38) 

 

Reaction of electrophile Me3SiOTf with Fe(0) Fe(15N2)(dmpe)2 was conducted, followed 

by addition of triflic acid to the residual product solid in a study of nitrogen fixation. In a test 

analyzed by 1H-15N HMQC before the addition of the triflic acid, Fe(η2-15N2H4)(dmpe)2
2+ (δ -

387.0) and Fe(15NH3)2(dmpe)2
2+ (δ -422.6) were identified.385 In another reaction analyzed after 

the addition of triflic acid, 15NH4
+ as well as FeH(15N2)(dmpe)2

+ were detected.385 

Fe(NH3)2(dmpe)2
2+ was independently prepared via the treatment of FeCl2(dmpe)2 with NH3 in 

methanol.385 The nitroxyl ligand in Fe(CN)5(HNO)3- was analyzed by 1H (δ 20.2), 15N (δ 640), 

and 17O (δ 1099) NMR.386 

The complex Fe4(μ3-S)2(μ2-NO)2(NO)6
2− with bridging and terminal NO ligands was 

synthesized and characterized via several methods including 15N NMR.387 An enriched version 

of Fe4(μ3-S)2(μ2-NO)2(NO)6
2− was prepared as the sample for 15N NMR.387 At 320 K, there was a 

single broad singlet at δ 58.3. However, at 220 K, there were signals at δ 200.8 and 200.1 

(referenced to MeNO2) for the bridging 15NO ligands and δ 79.7, 73.5, 43.9, 30.3, 27.1, and 21.9 

for terminal 15NO ligands.387 15N NMR of oxidized 15N-labeled histidine Rieske iron-sulfur protein 

from the bacterium Thermus thermophilus was followed as a function of pH from 11.7 to 5.75 in 

order to determine the pKa values of the Fe-bound histidine.388 

Several reactions of Cp*Fe2(CO)4(µ-CO)(µ-PPh2) with various hydrosilanes, such as 

Ph2SiH2 or (p-tol)2SiH2, were analyzed by 29Si and 31P NMR.389 Fe(II) dicarbollide 1-(η6-MenC6H6-
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n)-closo-1,2,3-FeC2B9H11 (39, n = 1-6)390 and Fe(III) bis(dicarbollide) [3-Fe-(1,2-C2B9H11)2]- 

(40),391 were analyzed via 1H and 11B NMR. For complex [3-Fe-(1,2-C2B9H11)2]-, DFT 

calculations were used in order to aid the 11B NMR assignments.391  

 

 

             (39)     (40) 

 

Water exchange dynamics of several iron complexes, including porphyrins392 and 

polyaminecarboxylates,393 was studied by 17O NMR.394-396 

 

7.2. Ruthenium complexes 

The range of reported 99Ru NMR shifts we found is ~18000 ppm set by Ru(OH2)6
2+ (δ 

16050397) and Cp2Ru (δ -1270 at 346 K398). This range was determined in the 1980s. 

NMR of 99Ru and ligand donor atoms in metal complexes in aqueous solutions was 

reviewed in 2016.399 

99Ru, 14N and 17O NMR were probed to study hydrolysis of (NH4)2[Ru(NO)Cl5] (δ 99Ru 

4190; 14N -36; 17O 379), which initially formed cis-Ru(NO)(H2O)Cl4– (δ 99Ru 4450; 17O 380 for 

NO+ and -79 for H2O ligand).400 Subsequently, both isomerization and additional Cl- replacement 

in the Ru(II) compound gave trans-Ru(NO)(H2O)Cl4– (δ 99Ru 3920; 14N -18; 17O 411 for NO+ and 

0 for H2O ligand) and fac- and mer-Ru(NO)(H2O)2Cl3, respectively.400 

99Ru shifts of Ru(II) complexes with N,N chelating ligands, [Ru(bpy)3]Cl2 (δ 4534, bpy = 
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2,2′-bipyiridine) and its analogs such as [Ru(phen)3]Cl2 (δ 4642, phen = phenanthrene), were 

reported.401 These were in comparison to δ 7821 of Ru(NH3)6Cl2 reported earlier.398 

[Ru(bpy)2(2,3-dpp)](PF6)2 [41, 2,3-dpp = 2,3-bis(2-pyridyl)pyrazine] containing an N,N pyridyl-

substituted pyrazine ligand was characterized by 99Ru NMR (δ 4535).402 

 

 

(41) 

 

For organometallic Ru(II) complexes, 99Ru shifts of Ru(CO)2(dab)XY [X, Y = halide, alkyl, 

SnR3, GePh3, PbPh3, Mn(CO)5, CpRu(CO)2; dab = Pri-N=CH=CH=NPri (1,4-diisopropyl-1,4-

diaza-1,3-butadiene)] were studied, giving, e.g., δ 1993 (X = Y = Cl-), 1036 (X = Y = I-), 794 (X, 

Y = Me-, Cl-), 712 (X, Y = Me-, Br-), 551 (X, Y = Me-, I-), -316 (X = Y = SnMe3), -116 (X = Y = 

SnPh3), and 200 (X = Y = PbPh3).403 

For Ru cluster complexes, the 99Ru shift of Ru3(CO)12 (δ -1208) was reported earlier.398 

Shifts of HRuCo3(CO)12 (δ 202), (NEt4)[RuCo3(CO)12] (δ -68), RuCo3(CO)11(NO) (δ -241 in 

addition to 59Co NMR shifts discussed below), and RuCo2(CO)11 (δ -597) were obtained,404 

along with their 59Co NMR shifts discussed below. For RuCo3(CO)12(NO), 99Ru shift at -241 was 

observed.404 

Computations of 99Ru shifts were the subject of a few studies using DFT methods.405-409 

99Ru shifts of several species, including K4Ru(CN)6, Cp2Ru, Ru3(CO)12, Ru(CO)3Cl3−, 

Ru(CO)2Cl42-, Ru(bpy)3
2+, and Ru(CO)2(dab)XY (X = Y = Cl-, I- or SnMe3; X, Y = Me-, Cl- or Me-, 
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I-) discussed above, were computed and compared with those from experiments.408 Relativistic 

effects, influence of the density functional and solvent effects on fac-Ru(CO)3I3− were 

investigated.405 Influence of molecular geometry on the nuclear shielding in RuCl2(dmso)4 and α-

PW11RuO39(dmso)5− containing Ru-S bonds was examined, helping the assignment of 99Ru 

NMR resonances in the compounds.406 

In the NMR studies of α atoms of ligands, the 17O shift of Ru(VI) dioxo porphyrin 

complexes such as Ru(TMP)(=O)2 (δ 775 referenced to H2O; H2TMP = tetramesitylporphyrin) 

were studied.137 

Ru(H2O)6
2+ reacted with H2 under pressure to give the η2-H2 complex [Ru(H2)(H2O)5]2+ 

and was characterized via 1H (δ -7.65),  2H (δ -80.4, JH-D = 31.2 Hz) and 17O [δax -177.4 (for 

water ligand cis to H2), δeq -80.4] NMR.410 

When a solution of [RuCl(OEt2)(PNNP)]+ (PNNP =  (1S,2S)-N,N-bis[o-

(diphenylphosphino)-benzylidene]cyclohexane-1,2-diamine) and N-benzylidene-1,1-

diphenylmethanamine is treated with excess 15N-eda (eda = ethyl diazoacetate, N2=CHCOOEt) 

-78 °C, the complex trans-RuCl(eda)(PNNP)+ was the major species below -20 °C.411 Reactions 

of a series of azolylpyridines with RuCl2(PMe3)4 yielded [(N,N)RuCl(PMe3)3] (42) with 

pyridinylazolate N,N ligands.412 1H-15N HMBC was used to clarify the electronic influence of the 

substituents on the azolyl ring.412 15N-NMR studies were performed at pH 5 of the reaction 

Ru(edta)H2O- with excess 15NO.413 The 15N NMR of this reaction showed three signals at δ -

17.6, 52.4 and 228.5.413 The first two resonances pertained to coordinated 15NO+ and 15NO2
- 

ligands in Ru(edta)(NO)(NO2)-, respectively.413 The shift at δ 228.5 signified the occurrence of 

free 15NO2
- in solution.413 Reactions of [(η6-biphenyl)RuCl(en)]PF6 with amino acids L-cystine,414 

L-methionine,414 L-histidine415 as well as cytochrome c or the oligonucleotide 

d(TATGTACCATGTAT) were investigated using 1H-15N HSQC and 1H TOCSY.415 
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(42) 

 

Several NMR studies, such as 1H-31P HMQC NMR or 11B NMR, and analysis JSi-H of Ru 

silane, disilane, and borane complexes were discussed in a 2008 review.139 

 

7.3. Osmium complexes 

187Os is the least sensitive nuclide in the Periodic Table, as shown by its receptivity with 

respect to 13C in Table 10.69,416 Inverse detection methods to indirectly determine 187Os chemical 

shifts by 2-D correlation experiments, which were reported in 1985,362 significantly expanded the 

use of 187Os NMR to inorganic compounds.361 Prior to the development of the techniques, only 

187Os NMR shift of OsO4 was reported.1 

NMR of 187Os and ligand donor atoms in metal complexes in aqueous solutions was 

reviewed in 2016.399 

A 19F-187Os correlation spectrum was used to obtain 187Os shift of cis-OsO2F4 (δ 1431).416 

The cis structure for the Os(VIII) complex is based on DFT calculations.  

Several Os(II) complexes were characterized. 187Os NMR of 37 (η6-arene)Os(PR3)X2 

complexes (η6-arene = 1,4-Me,Pri-C6H4 or p-cymene) were probed by either 1H-187Os or 31P-

187Os HMBC techniques, yielding, e.g., (η6-p-cymene)Os(PMe3)X2 (δ X = Cl-, -2226; Br-, -2495; 

I-, -3260; H-, -5265) vs. δ -2431 for (η6-C6H6)Os(PMe3)Cl2 and δ -1829 for (η6-

C6Me6)Os(PMe3)Cl2.417 The shifts of the 31 (p-cymene)Os(PR3)X2 complexes span the range of 

δ -1697 for (p-cymene)Os(PCy3)Cl2 to -5265 for (η6-p-cymene)Os(PMe3)H2.417 187Os NMR shifts 

of several [(η6-p-cymene)Os(CO)(PR3)I](PF6) complexes were similarly measured by the HMQC 
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techniques, giving, e.g., δ -4430 for [(η6-p-cymene)Os(CO)(PMe3)I](PF6).418 187Os shifts and 1JOs-

C coupling constants of CpOs(CO)2Me (187Os δ -5340, JOs-C = 48.9 Hz) and Cp*Os(CO)2Me 

(187Os δ -4985, 1JOs-C = 51.5 Hz) were also determined.418 Inverse-detection techniques, based 

on the 1H-187Os or 31P-187Os dipole-dipole interactions, were used to indirectly measure 187Os 

spin-lattice relaxation times (T1) for (η6-p-cymene)Os(PMe3)(H)Cl at 300 K [T1 = 4.7 s at 9.4 T 

and 2.2 s at 14.1 T (600 MHz 1H NMR)].379 

The 187Os shift of di-arene [Os(η6-C6H5-Ph)2](OTf)2 (δ -4715) was determined by 1H-187Os 

HMBC.419 The δ value in the Os(II) complex was shifted significantly from the average (-3000) 

ppm of mono-arene complexes [(η6-arene)Os(PR3)X2](OTf)2 as a result of the increased 

shielding provided by the second arene ligand in [Os(η6-C6H5-Ph)2](OTf)2.419 

187Os shifts of CpOsL2R (L = phosphine, phosphite) were determined from 1H-187Os and 

31P-187Os spectra by the inverse detection techniques.420 For CpOs(PPh3)2X, e.g., the shifts are 

δ -2595 for X = Cl-, -3008 for X = Br-, and -3530 for X = I-.420 Coupling constants 2JOs-H and 1JOs-P 

were determined as well. 187Os spin-lattice relaxation times [T1, X = Cl-, 0.5 s; Br-, 0.6 s at 9.4 T 

and 300 K (or 400 MHz 1H NMR)] were determined indirectly by the 31P-187Os dipole-dipole 

interaction.420 

187Os NMR of triosmium clusters containing bridging hydrides, including Os3(μ-H)2(CO)10 

(43) and several chelating diphosphine derivatives such as Os3(μ-H)2(CO)8(μ-P,P) [e.g., P,P = 

Ph2PCH2PPh2 (dppm) (44); (R)-2,20-bis(di-4-tolylphosphino)-1,10-binaphthyl (tol-BINAP) (45)], 

was studied by HMQC, HSQC and HMBC using 1JH-Os or 2JH-Os couplings.361 HMQC and HSQC 

based on one-bond 1JH-Os gave identical δ for the Os atoms (Os1) directly bound to the bridging 

H ligands, while HMBC based on two-bond 2JH-Os yielded δ for the Os atom (Os2) not bound to 

the H ligands.361 For Os3(μ-H)2(CO)10 (43), δOs1 -11302, δOs2 -14021. For Os3(μ-H)2(CO)8(μ-

dppm) (44), δOs1 -11525, δOs2 -14001. For Os3(μ-H)2(CO)8(μ-tol-BINAP) (45) containing a 

chelating chiral phosphine ligand, δ (Os1) -11345, δ (Os2) -14023.361 For Os3(μ-H)2(CO)10 (43) 
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with two types of Os atoms (two bound to the H ligand and one not bound), the satellite from the 

long-range 2JH-Os coupling is buried under the central peak.421 A method based on varying 

evolution delays in HMQC spectra led to the extraction of the 1JH-Os (44 Hz), 2JH-Os (2 Hz) and 

2JH-C (12 Hz) values for Os3(μ-H)2(CO)10 (43).421 

 

 

   (43)     (44)          (45) 

 

A unique NMR method was used to follow σ,π-vinyl interchange in a series of 5,6-

dihydro-μ3-η3-quinolyl complexes Os3(μ-H)(CO)9[μ3-η3-C9H6(5-R)(6-R′)N] such as 46 (R = 

CMe2CN, R′ = Me) in Figure 4.422 For a typical σ,π-vinyl interchange involving metal carbonyl 

complexes in Figure 4-A, VT 13C NMR of the CO ligands on the M atoms bound to the σ,π-vinyl 

moiety was usually used to follow the interchange. At the low temperature limit, environments at 

the two M atoms were different. The onset of the interchange averaged the environments and 

the barrier to the interchange could be obtained from the pairwise exchange rates of these CO 

ligands.422 However, the chiral centers in, e.g., Os3(μ-H)(CO)9[μ3-η3-C9H6(5-R)(6-Me)N] (R = 

CMe2CN, 46, Figure 4-B)423 made Os1 and Os2 (as well as Os3 and Os4) atoms to be 

magnetically non-equivalent, even when the σ-π-vinyl interchange process was rapid on the 

NMR time scale. The unique NMR method was to examine the 1H-187Os satellites in 1H NMR of 

the hydride ligand of a sample with 187Os at 1.96% natural abundance. The molecules of 46 had 

essentially one or no 187Os isotope in the cluster because of its low abundance. When the σ,π-

vinyl interchange was slow on the NMR time scale at 295 K, there were two isotopomers: One 
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group of molecules with 187Os isotopes at Os1 and Os3 atoms; Another group of molecules with 

187Os isotopes at Os2 and Os4 atoms. Two sets of 1H-187Os satellites (1JH-Os = 30.7 and 35.4 Hz) 

were present in the hydride resonance at δ -17.00 in the 1H NMR spectrum. At 373 K, the 

interchange became rapid on the NMR time scale. The two sets of the satellites merged to a 

single set with 1JH-Os = average of the two values observed at 295 K.422 In essence, the 

interchange was monitored at one Os atom per isotopomer. Thus, two Os atoms did not need to 

become magnetically equivalent for the process to be averaged on the NMR time scale. Only a 

single Os atom was required to see an average environment. This method circumvented 

inherent asymmetry in these quinolyl complexes.422  

 

 

Figure 4. (A) σ-π-interchange in μ-η2-vinyl complexes. (B) σ,π-vinyl interchange in cis-Os3(μ-

H)(CO)9[μ3-η3-C9H4(5-R)(6-Me)N] (46). Os1 and Os2 in the left isomer are magnetically 

inequivalent from Os3 and Os4, respectively, in the right isomer. 

 

A hybrid DFT method was implemented to calculate the NMR shielding tensors and 

187Os NMR shifts for CpOs(PMe3)2X (H = H, Me, Br).424 
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For NMR of ligands, complexes TpOs(N)X2 (X = CH3COO-, Cl-, CF3COO-, CCl3COO-, 

CBr3COO-, Br-, NO3-, 0.5oxalate) were studied via several techniques including 15N NMR using 

enriched complexes.425 The 15N singlet for the complexes was between δ 821 and 922.425 

Solvent exchange of H2O and CH3CN on trans-Os(en)2(η2-H2)(solvent)2+ (solvent = H2O, 

CH3CN) was studied as a function of temperature and pressure by 17O NMR line-broadening 

and isotopic labeling experiments for H2O and 1H NMR isotopic labeling experiments for 

CH3CN.426 The rate constants and activation parameters were found to be kex = 1.59 s-1 at 298 

K, ΔH⧧ = 72.4 kJ/mol ; ΔS⧧ = +1.7 J/(mol·K), and ΔV⧧ (activation volume)= −1.5 cm3/mol for 

water exchange and kex = 2.74 × 10-4 s-1 at 298 K, ΔH⧧ = 98.0 kJ/mol ; ΔS⧧ = +15.6 J/(mol·K), 

ΔV⧧= −0.5 cm3/mol for acetonitrile exchange.426 

 

8. Group 9 (Co, Rh and Ir) 

For Co and Rh, NMR of both the metals (59Co, 103Rh) and ligands have been reported. 

For Ir, we could only find the NMR of the ligands. Nuclear and NMR properties of the nuclides, 

including recommended and commonly used references, are given in Table 11. 59Co (spin 7/2, 

natural abundance of 100%) has a relatively large gyromagnetic ratio, thus giving a convenient 

resonance frequency and a relatively high sensitivity.1 However, its quadrupole moment is fairly 

large, and the line width leads to the sensitivity loss. 103Rh, with spin 1/2 and natural abundance 

of 100%, has a small gyromagnetic ratio, leading to low sensitivity and resonance frequency. In 

addition, its spin-lattice relaxation, T1, is relatively long.1  

Inverse detection methods, similar to those discussed in the section on Group 8 (Fe, Ru 

and Os), were used for 103Rh NMR to increase the sensitivity of the nuclides.427-428 2-D HMQC, 

based on, e.g, 1-bond coupling 1JP-Rh, makes the acquisition of chemical shifts of spin 1/2 103Rh 

much easier. 
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Table 11.26 Nuclear and NMR properties of 59Co, 103Rh, 191Ir and 193Ir 

Nuclide 

Natural 

abun-

dance 

(%)a 

Spin 

Relative receptivity  

Gyromagnetic 

ratio (107) 

(rad s-1 T-1) 

Quadrupole 

moment Q  

(fm2)  

Ξ (and 

frequency, 

MHz; 1H = 

100.0000 

MHz, 

2.3488 T) 

Reference 

sample 
DH 

 (1H = 1.00) 

DC 

(13C = 1.00) 

59Co 100 7/2 0.278 1.64 x 103 6.332 42.0 23.727074 
K3Co(CN)6 

(aq) 

103Rh 100 1/2 3.17 x 10-5 0.186 -0.8468 - 3.186447 
Rh(acac)3 

(CDCl3) 

(191Ir)b,c 37.3 3/2 1.09 x 10-5 6.38 x 10-2 0.4812 81.6 (1.718)d 
- 

193Irb 62.7 3/2 2.34 x 10-5 0.137 0.5227 75.1 (1.871)d 

a Unless noted, the isotopes are stable. The natural abundances are based on the NIST data.25 

b We did not find a publication in 1990-2019 on the 191Ir or 193Ir NMR of a metal complex. None was included in the 

1991 book edited by Pregosin.1 

c 191Ir in parenthesis is considered to be the less favorable of the element for NMR.26 

d Value calculated from literature data on nuclear magnetic moments. 

 

8.1. Cobalt complexes 

59Co NMR is one of the most used metal NMR spectroscopies with many publications. 

Its application in coordination chemistry was reviewed in detail in 1991,429 in addition to that in 

Reference 1. 59Co shifts of about 800 complexes were tabulated, with spin-spin coupling 

constants J for 20 nuclear pairs.429 

59Co NMR shifts cover the largest known shielding range, including δ 15100 for 

Co(H2O)6
3+ to -4220 for KCo(PF3)4, as earlier studies show.429 Low-spin, octahedral d6 Co(III) 

complexes, which are diamagnetic, comprise a large class of compounds probed by 59Co NMR. 

Their shifts are typically in the range of δ 15100 for Co(H2O)6
3+ to -2600 for Co[1,2-

C6H4(PMe2)2]33+.429 For complexes with Co atoms at lower oxidation states, 59Co shifts include 

those in HCo(CO)4 (δ -3721), NaCo(CO)4 (δ -3100), Co2(CO)8 (δ -2101), Cp2Co+ (δ -2410), and 
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CpCo(C2H4)2, in addition to Co(-I) KCo(PF3)4.429  

In coordination chemistry, K3[Co(CN)6], dissolved in organic solvents by cryptand 222, 

showed the solvent influence on the d-d transition energies and 59Co shift of the complex.430 

Similarly, studies of [Co(en)3]Cl3,431 cis-,trans-[Co(en)2(N3)2]NO3,431 K[Co(edta)],432 and 

K3[Co(ox)3] (ox = oxalate)432 showed that their 59Co shifts were solvent-dependent. 59Co, 13C 

and 15N shifts of Co(CN)5X3- (X = CN-, Cl-, Br-, I-), Co(CN)5(NH3)2- (L = py, NH3, H2O), 

Co(NH3)5(CN)2+, and Co(NH3)5(NC)2+ revealed a common tendency that the shifts varied with 

the identity of the sixth coordinated ligand and correlated with ligand-field parameters including 

the nephelauxetic ratio.433 The ligand exchange reactions between Co(NO2)6
3- and N3

-, NCS- or 

NH2OH was probed to develop an improved empirical method to estimate the variation of the 

ligand field strength of the NO2
- ligand and 59Co shifts.434  

59Co NMR was shown to be a facile tool to probe configurational isomerism in fac-Co(L-

S,O)3 complexes containing S,O ligands [e.g., H(L-S,O) = PhC(O)NHC(S)NMeEt].435 Different 

configurations of the three ligands led to EEE, EEZ, EZZ, ZZZ fac-Co(L-S,O)3 configurational 

isomers, each of which gave a resonance.435 Co(dmgBF2)2(H2O)2 [dmgBF2 = 

difluoroboryldimethylglyoximate (47)] and its pyridine derivative Co(dmgBF2)2(H2O)(py), both 

containing a planar N,N,N,N ligand were characterized by 59Co NMR (δ 2996 and 2443, 

respectively).436 59Co NMR of fac- and mer-Co(NH2CH2CH2O)3 (δ 10175 and 10016, 

respectively) was reported.437 

 

 

   (47)          (48)   (49) 
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Stereoisomerization of Co(III) complexes with polydentate amine ligands, 

diethylenetriamine, triethylenetetramine, tetraethylenepentamine, and 1,4,8,11-

tetraazacyclotetradecane in aqueous solutions was probed by 59Co NMR.438 mer-

[Co(diethylenetriamine)(NO2)2(NH3)]Cl was the dominant of four observed isomers.438 59Co NMR 

was used to characterize Co(terpy)F3 [δ 8179, terpy = 2,2’:6’,2’’-terpyridine (48)] and Co(Me3-

tacn)X3 [δ 9093 for X = F-; 10190 for X = Cl-; Me3-tacn = 2 (R3 = Me3)].439 [Co(tacn)(H2O)3](OTf)3 

[tacn = 2 (R3 = H3)] which was used as a starting material in the preparation of a V complex as 

described in the section on vanadium complexes,197 showed a 59Co peak at δ 9535.440 Reaction 

of [Co(tacn)(H2O)3](OTf)3 with Na2MoO4 yielded the polyoxomolybdenate complex, 

[Co(tacn)]2Mo3O12, with the 59Co peak moved to δ 9776.440 59Co NMR of [Co(tpa)(CO3)]ClO4, 

[Co(Me-tpa)(CO3)]ClO4, [Co(Me2-tpa)(ClO4)]ClO4, and [Co(Me3-tpa)(CO3)]ClO4 [tpa = tris(2-

pyridylmethyl)amine (δ 7965); Me-tpa (δ 8606), Me2-tpa (δ 9162), and Me3-tpa (49, δ 10251) as 

tpa derivatives containing one, two, and three 6-methylpyridyl rings, respectively] are consistent 

with the decreasing ligand field strength of the N,N,N,N-tripodal tetraamine ligands in the order 

tpa > Me-tpa > Me2-tpa > Me3-tpa.441 Studies of similar tripodal tetraamine complexes also 

showed the correlation.442 Co complexes with a R-alaninate (50) and different tetraamine 

ligands, including [Co(R-alaninate)(N,N,N,N)](ClO4)2 [N,N,N,N = 1,9-diamino-3,7-diazanonane 

(51), δ 7935] and its tetramethyl analog [N,N,N,N = (6R,8R)-6,8-dimethyl-2,5,9,12-

tetraazatridecane (52), δ 8615] showed that methyl substitutions on the tetraamine ligand 

significantly affected the ligand field strength, as indicated by characteristic 59Co shifts.443 59Co 

was used to characterize clathrochelate dioximate complexes, such as 

(H2NEt2)[Co(dioximate)3(SnCl3)2] (δ 4603) surrounded by a distorted trigonal antiprismatic 

coordination sphere from a ligand (53) with six N atoms cross-linked with SnCl3.444 Co(III) 

complex K[Co(oct-dhpta)] [54, oct-dhpta = n-heptyl-CO2-CH[CH2N(CH2CO2)2]24-], containing an 

N,N,O,O,O,O ligand with a long alkyl chain, showed that the 59Co NMR shift (δ 10378) could be 
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used to probe the aggregation of a surfactant with a Co(III) complex as a polar group.445 

 

 

  (50)    (51)     (52) 

 

 

    (53)    (54) 

 

59Co shifts of distibine complexes [Co[1,2-(CH2SbMe2)2-C6H4]2X2]Y (X = Br-, Y = BPh4
-, δ 

4550; X = Y = I-, δ 6680) were reported,446 as the shifts of two Co chloride complexes containing 

the tripodal triphosphine ligand MeC(CH2PMe2)3.447  

Several Co(III) crown thioether complexes were characterized by 59Co NMR, including, 

e.g., [Co(18S6)](ClO4)3 [18S6 = 18-thiacrown-6 or 1,4,7,10,13,16-hexathiacyclooctadecane (55), 

δ 1646].448 59Co NMR properties of dithio-, thioseleno- and diseleno-carbamate complexes 

show, e.g., 59Co NMR of δ 6790, 6850, and 6890 for Co(S2CNEt2)3, Co(SSeCNEt2)3, and 

Co(Se2CNEt2)3, respectively, demonstrating a deshielded shift with increasing substitution of the 

more electronegative S atoms by Se atoms in the complexes.449 77Se shifts of the Se-containing 

complexes Co(SSeCNEt2)3 (δ 392, 373) and Co(Se2CNEt2)3 (δ 461) were also measured.449 

Both 59Co and 77Se shifts were obtained for diseleno-ether [Co(MeSeCH2CH2SeMe)2X2]BPh4 (X 

= Cl-, 59Co: trans-isomer, δ 8694; iso-isomer δ 8310; 77Se: δ 259. X = Br-, 59Co: trans-isomer, δ 
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8310; iso-isomer δ 8228; 77Se: δ 257. X = I-, 59Co: trans- and iso-isomer, δ 7689; 77Se: δ 256).450 

59Co shifts were reported for ditelluro-ether [Co[1,2-C6H4(TeMe)2]X2]BPh4 (X = Br-, trans-isomer, 

δ 8329; iso-isomer δ 8248; X = I-, trans- and iso-isomer δ 8773).450 59Co shifts of trans-

[Co(C12H24Se4)X2]PF6 [C12H24Se4 = 1,5,9,13-tetraselenacyclohexadecane (56); X = Cl-, δ 9590; 

Br-, δ 9125; I-, δ 8436] containing a macrocyclic tetradentate selenoether ligand also showed a 

similar trend with different halide.451 For the Cl and Br analogs, 77Se shifts are X = Cl-, δ 197; Br-, 

δ 169.451 Co(III) complexes with substituted macrobicyclic ligands revealed a correlation of their 

59Co shifts with inductive (or polar) substituent constants from a Hammett-type treatment.452 

 

 

         (55)      (56)    (57)   (58) 

 

The spin-lattice (or longitudinal) relaxation time T1 of Co(acac)3 in MeCN was measured 

at concentrations of 0.020-0.110 M and several temperatures, showing that the relaxation rate 

was linearly dependent on the concentration of the complex up to approximately 0.080 M.453 

Macroscopic viscosity of the solution was the predominant factor in this dependence.453  

VT 59Co NMR of 12 octahedral Co(III) complexes were studied to measure spin–lattice 

relaxation times T1 and line widths, showing that the quadrupolar mechanism of relaxation was 

dominant in aqueous solution.454 The study indicated a need for the use of dilute solutions to 

measure T1. Quadrupolar coupling constants in the complexes were determined.454 

Optical isomers Δ- and Λ-[Co(en)3] in aqueous solutions of chiral salts, such as L- or D-

tartrates, show that their 59Co NMR properties (chemical shifts, relaxation rates) were different, 

which could be used for chiral discrimination.455 59Co NMR quadrupole splitting of Δ-[Co(en)3] in 
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liquid crystals comprising chiral N-dodecanoyl-L-alanine (57) was different than that in liquid 

crystals comprising its enantiomer N-dodecanoyl-D-alanine, leading to chiral discrimination.456 

59Co NMR relaxation studies of Δ-[Co(chxn)3]3+ ion [chxn = trans-(1R,2R)-1,2-

diaminocyclohexane (58)] revealed that the decrease in the 59Co NMR relaxation rates, when 

SO4
2- or PO4

3- anion (<0.1 M) was added, could be attributed to an appreciable decrease in the 

electric field gradient at the 59Co nucleus by the ion pairing.457 Similar results were also reported 

for the interactions between other complexed Co(III) cations458-459 and anions or between Co(III) 

complexes460-462 with surfactants containing different polar groups. For example, in a dilute 

lyotropic liquid crystal (i.e., dissolving sodium dodecyl sulfate in pentanol and aqueous NaBr), 

Co(en)3
3+ and Co(acac)3 molecules were induced to orientate preferentially, displaying 

quadrupolar splittings of 59Co NMR signals.463 

59Co NMR of sterically congested six-coordinate porphyrin complexes Co(TMP)(RIm)2
+ 

(H2TMP = tetramesitylporphyrin, an analog of H2TPP giving the TPP2- anionic ligand in 36; Rim 

= imidazole or 1-methylimidazole) and Co(TDCPP)(RIm)2
+ [H2TDCPP = tetrakis(2,6-

dichlorophenyl)porphyrin] showed that the presence of the ortho chloro or methyl substituents 

on the meso phenyl groups on the porphyrin ring had a large effect on the 59Co shifts and line 

widths, when compared to Co(TPP)(RIm)2
+ lacking ortho substituents.464 VT 59Co NMR was 

used to characterized tetraphenylporphyrinate complexes containing two amine ligands, such as 

[Co(TPP)(BunNH2)2]Cl, and compare them with the NMR of Co(TPP)Cl.465 For 

[Co(TPP)(BunNH2)2]Cl, 59Co shift range was δ 8019 at -28.5 °C to δ 8293 at 43.1 °C with a linear 

change with temperature, indicating that the Co(III) ion is less shielded at higher 

temperatures.465 Molecular Dynamics (MD) simulations show that the 59Co NMR shift change 

was due to increased population at thermally excited vibrational levels of the 1A1 ground 

electronic state.465 

Similar temperature effects were observed in 59Co NMR of Co(acac)3 and Co(dpm)3 

(dpm = dipivaloylmethanate).466 The exceptional temperature dependence of 59Co NMR shifts 
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was used for 59Co chemical-shift thermometry, i.e., thermometry via magnetic resonance 

imaging (MRI) which would provide a powerful noninvasive window into physiological 

temperature management.467 Influence of ligand encapsulation on 59Co chemical-shift 

thermometry was recently studied.467 Impacts of temperatures on T1 (spin-lattice) and T2 (spin-

spin) relaxation times in several Co(III) complexes, including K3[Co(CN)6], [Co(NH3)6]Cl3, and 

[Co(en)3]Cl3, were probed with the goal of developing 59Co nuclear spin relaxation 

thermometry.468 

Cobaloxime derivatives as vitamin B12 models were probed by 59Co NMR,469-470 showing 

the electronic and steric influence of axial and equatorial ligands on the NMR shifts.470 59Co 

NMR was also used to characterize Co(II) cobaloxime derivatives.471 [(pbt)2Ru(μ-L-

pyr)Co(dmgBF2)2(H2O)](PF6)2 [59, pbt = 2-(2′-pyridyl)benzothiazole, L-pyr = (4-

pyridine)oxazolo[4,5-f]phenanthroline, dmgBF2 = difluoroboryldimethylglyoximate (47)], 

containing a tridentate N,N,N ligand bridging Ru(II) and Co(II) ions, was found to be a 

photocatalyst for H2 evolution.471 Similar Co(II) cobaloxime derivatives, such as 

Co(dmgBF2)2(H2O)2,472 had been shown to be low spin with one unpaired electron. 59Co shifts of 

the paramagnetic Co(II) complexes 59 (δ 5401)471 and Co(dmgBF2)2(H2O)2 (δ 5652),471 are 

more deshielded than those of Co(III) cobaloxime derivatives, such as CoMe(dmgBF2)2(H2O) (δ 

3888).470 

 

 

    (59)       (60) 

 



80 
 

Organometallic Co complexes characterized by 59Co NMR are mainly Co(III) alkyl 

complexes470-471,473-474 and carbonyl compounds with Co atoms often at a low oxidation state of I 

to -I.249,303,305,404,475-487 Co(III) alkyl complexes include the following: (a) MeCo(dmgBF2)2(H2O), 

discussed earlier, and other alkyl derivatives;470-471 (b) [Co(NH3)5Me]S2O6 (δ 7370),473 

(Et4N)3[Co(CN)5Me] (δ -203),473 trans-[Co(en)2(NH3)Me]S2O6 (δ 6400),473 trans-

[Co(en)2(H2O)Me]S2O6 (δ 6630),473 and [Co(pyN4)Me](NO3)2 [pyN4 = 2,6-bis(1′,3′-diamino-2′-

methyl-prop-2′-yl)pyridine (60), δ 6070] containing the tetrapodal pentadentate amine ligand, 

pyN4.474 In addition to the Co(III) alkyl complexes, 59Co NMR was used to characterize 

iminiumacetyl complex (Et4N)2[Co(CN)5(CMe=NH2)] (δ 60) and its N-methyl and N,N-dimethyl 

derivatives.488 The iminiumacetyl complex was the product of migratory insertion of a cis-CN- 

ligand into the Co-Me bond in Co(CN)5Me-. 

Several carbonyl complexes studied by 59Co NMR were derivatives of MCo3(CO)12
- (M = 

Fe, Ru),404,476-479,483,485,487 including HFeCo3(CO)12 (δ -2720),487 HRuCo3(CO)12 (δ -2760),487 

HFeCo3(CO)11(PPh3) (δ -2690 for Co-CO and δ -2467 for Co-P atoms),487 HRuCo3(CO)11(PPh3) 

(δ -2710 for Co-CO and δ -2564 for Co-P atoms),487 and RuCo3(CO)12(NO) (δ -2745 for Co-CO 

and -486 for Co-NO atoms).404 References 404, 485 and 487 listed 59Co shifts of additional 

complexes. 2-D 59Co COSY and DQFCOSY (Double-Quantum-Filtered COSY) were used to 

probe the scalar coupling constants 1JCo-Co in such clusters,481-483 including HFeCo3(CO)11L [L = 

PPh3, 1JCo-Co = 140 Hz; P(OMe)3, 180 Hz].481 Other carbonyl complexes studied by 59Co NMR 

include: (a) Co(I) pseudo-(α-aminoallyl) monomers such as Co(CO)3(MeC3H3NHPri) (δ -

3118);475 (b) Isocyanide sulfide complexes FeCoMo(μ3-S)(CO)8-n(η5-C5H4COMe)(CNCy)n (n = 1, 

δ -1640; n = 2, δ -1777; n = 3, δ -1244; Cy = cyclohexyl);486 (c) Distibine complexes Co2(CO)4(μ-

CO)2(μ-R2SbCH2SbR2) (R = Me, Ph), giving 59Co shifts at δ -1710 and -1820, respectively;303 (d) 

Yb(II)-Co4(CO)11 polymeric array, [(Et2O)3YbCo4(CO)11]∞, probed by VT 59Co NMR, showing δ -

170 (apical Co) and -2980 (basal Co) at -105 °C.489 

Supercritical CO2 was used as a solvent to study Co carbonyl complexes249,480,484 and 
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the hydroformylation reaction.490 HCo(CO)4 underwent exchanges with Co2(CO)8 through a H- 

ligand transfer, as studied by 59Co NMR line-shape analysis at 80-200 °C and total system 

pressures up to 370 atm in supercritical CO2.484 

Computational studies of 59Co NMR properties of metal complexes,491-494 including 

chemical shifts and shielding tensor elements, were performed to, e.g., predict the shifts. DFT 

studies of the electronic structures in Co(NH3)5X(3+n)+ (n = 0, X = H2O; n = -1, X = NO-, SCN-, Cl-, 

NO2
-, N3

-; n = -2, X = CO3
2-, S2O3

2-), offered an insight into the role of the 3d and 4s orbitals in 

metal-ligand interactions, rationalizing the 59Co NMR trends in the complexes.495  

Co(II)-mediated interactions between guanine (G) pairs in a self-complementary 

oligodeoxynucleotides was monitored via 15N NMR.319 The middle G in a GGG run was shown 

via both 15N line broadening and HOMO calculations to be the most reactive.319 To investigate 

the trans influence and chelate ring size,15N NMR shifts in Co(III) complexes with chelated β-

alaninato ligands were compared to the shifts of glycinato ligands.496 Several studies and 

experiments on cobalamins and corrinoid complexes were conducted via 15N NMR.497-499 

In order to elucidate Mg(II) binding in an RNA sample (D1κζ), Mg(II)-mimicking Co(III) 

and Cd(II) were used to probe metal coordination sites in D1κζ.500 Mg(II) ions initiated the 

first folding step governed by the κζ element within domain 1 (D1κζ).500 15N-labelled samples of 

D1κζ were titrated with [Co(NH3)6]Cl3 at 300 K and monitored via 1H and 1H-15N HSQC.500 The 

linewidths in the 15N NMR of diamagnetic Co(III) amine and diamine complexes such as 

Co(NH3)6
3+ and Co(en)3

3+ were investigated and compared with those of similar diamagnetic 

Co(III) complexes.252 14N NMR of 20 Co(III) amine compounds, such as [Co(NH3)6]3+ (δ -422.8) 

and Co(NH3)5Me2+ (δ -428.8 for the cis and -328.0 for the trans isomer), were reported.501 15N 

NMR was used to study the linkage isomerization reaction of the regiospecifically 15N-labelled 

tetrazole ligand in (5-methyltetrazolato)Co(NH3)5
2+ (61).502 It was shown via 15N NMR that the 

isomerization was intramolecular and proceeded via η2 π-bonded intermediates.502 Rates of the 

exchange of aqua and hydroxo ligands coordinated to Co(III) amine complexes were examined 
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via 17O NMR.503 These complexes contained the tetradentate ligands such as cyclen [cylen = 

1,4,7,10-tetraazacyclododecane (62H)], N-mecyclen [N-mecyclen = 1-methyl-1,4,7,10-

tetraazacyclododecane (62Me)], and tren [tren = tris(2-aminoethyl)amine (63)]. 

 

 

  (61)           (62H and 62Me)           (63) 

 

8.2. Rhodium complexes 

103Rh NMR is one of most widely used transition metal NMR spectroscopies, in part 

because Rh is used extensively in catalysis. However, 103Rh NMR was challenging mostly due 

to its low Ξ value and low relative receptivities/sensitivity (Table 11).69 

103Rh NMR was reviewed in 2004,427 covering experimental techniques for the 

insensitive 103Rh detection, use of 103Rh NMR in coordination and organometallic chemistry, and 

calculations of 103Rh shifts. Another detailed review was published in 2008 about 103Rh NMR.428 

NMR of 103Rh and ligand donor atoms in metal complexes in aqueous solutions was reviewed in 

2016.399 The current brief review will focus on the publications in 2008-2019.  

It is noted that the frequency ratio Ξ(103Rh) = 3.186447% [based Rh(acac)3 in saturated 

CDCl3], recommended by IUPAC in 200126 (and updated in 200827), was used in reporting 103Rh 

shifts of compounds.28-31 As discussed earlier, this is a unified scale to report NMR chemical 

shifts of a given nuclide relative to the 1H resonance of dilute SiMe4 in CDCl3.26 Advantage of 

the unified scale is that its use avoids direct handling of any secondary references.26 The Ξ 

value was earlier set at 3.160000% for Rh metal,1,427 which is an alternative value 



83 
 

recommended by IUPAC.26 Since most 103Rh chemical shifts were measured using the earlier Ξ 

= 3.160000% scale, we will specifically point out chemical shifts obtained on the new Ξ = 

3.186447% scale or using Rh(acac)3 as the external reference. How to convert the 103Rh NMR 

shifts from the Ξ = 3.160000% scale to the IUPAC Ξ = 3.186447% scale was given in the 

literature.28,428 Some publications listed 103Rh shifts in both scales.28-30 

Rh compounds using 103Rh NMR that we found were typically at Rh(I) and Rh(III) 

oxidation states. 103Rh shift range of Rh(I) compounds was from δ ~2400 to -2000, while the 

range for Rh(III) compounds was much larger from δ ~10000 to -1900.1 

Coordination chemistry focused on Rh(III) complexes. Rh(III) speciation in 3-16 M HNO3 

was probed by 103Rh and 15N NMR, showing that Rh(H2O)6-n(NO3)n
3-n (n = 1-4) were the only 

species in the solutions with the Rh concentration of 0.2-1.3 M.504 For Rh(H2O)5(NO3)2+, 103Rh 

and 15N shifts were δ 1536 and -9.39, respectively.504 In concentrated H2SO4, Rh(III) speciation 

studied by 103Rh and 17O NMR505-506 showed that monomers, such as Rh(H2O)4(SO4)+ (103Rh δ 

9883; Ξ = 3.16%) and Rh(SO4)3
3- (δ 9650), were not the predominant species.505 Majority of the 

Rh(III) ions were in symmetric dimers such as Rh2(μ-SO4)2(H2O)8
2+ (δ 10069).506 The 17O NMR 

peaks at δ -138 and -142 were assigned for coordinated water ligands in μ-SO4-Rh-H2O and 

H2O-Rh-H2O containing species, respectively.506 Additional studies of Rh(III) speciation in 

H2SO4-H3PO4 solutions507 and HF were conducted, showing, e.g., the formation of Rh(H2O)5F2+ 

[103Rh δ 2252 relative to Rh(acac)3] and RhF6
3- (δ -529).508 Rh(III) porphyrin complex 

[Rh(TPP)(PEtPh2)2]SbF6 was characterized by 103Rh NMR using indirect detection, showing δ 

2480, 2558 and 2590 (Ξ = 3.16%) at 213, 300 and 333 K, respectively.509 Ruffled and planar 

porphyrin conformations were modelled by DFT simulations, leading to moderately accurate 

103Rh isotropic shielding tensors. 

In organometallic chemistry, 103Rh NMR was used to study both Rh(I) and Rh(III) 

complexes. In Rh(I) chemistry, cationic Rh(I) diphosphine η6-arene complexes 

[Rh(diphosphine)(η6-C6H6)]BF4, such as [Rh(dppe)(η6-C6H6)]BF4 (103Rh δ -1014, Ξ = 3.16%) and 
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[Rh(R,R-Me-DuPhos)(η6-C6H6)]BF4 [R,R-Me-DuPhos = (-)-1,2-bis(2R,5R-2,5-

dimethylphospholano)benzene (64)] (103Rh δ -1162), were studied by 31P-103Rh HMQC.510 For 

analogous Rh(I) diphosphine cod complexes [Rh(diphosphine)(cod)]PF6 (cod = 1,5-

cyclooctadiene), 103Rh NMR was found to be a powerful tool to assess the electronic and steric 

contribution of diphosphine ligands on seven complexes.31 For the complexes with chelating, 

chiral diphosphine ligands S,S-DIOP [65, DIOP = 2,3-O-isopropylidene-2,3-dihydroxy-1,4-

bis(diphenylphosphino)butane], R-BINAP [66, BINAP = 2,2′-bis(diphenylphosphino)-1,1′-

binaphthyl] and R,R-Me-DuPhos (64), 103Rh NMR was more informative than classical CO-

stretching frequency measurements. The following selected 103Rh shifts (Ξ = 3.186447%) were 

included: [Rh(dppe)(cod)]PF6, δ -8809; [Rh(S,S-DIOP)(cod)]PF6, δ -8555; [Rh(R-

BINAP)(cod)]PF6, δ -8397; [Rh(S,S-Me-DuPhos)(cod)]PF6, δ -8756.31 Remote C-F-Rh 

interaction was found in the Rh(I) complex 67, which was used to obtain the 19F-103Rh HMQC 

spectrum [103Rh δ -8044 (d, JRh-P = 234 Hz, JRh-F = 66 Hz) referenced to Rh(acac)3, 19F δ -

129.8].511 

 

  

      (64)       (65)           (66)     (67) 

  

Additional Rh(I) organometallic complexes were studied by 103Rh NMR. Phenyl-bridged 

dimer S,S-[Rh(ArPhPCH2CH2PPhAr)]2(BF4)2 (Ar = o-OMe-C6H4) was characterized by 31P-103Rh 

and 1H-103Rh HMQC, giving 103Rh δ -837.512-513 This complex and its isomer were a precursor for 

the asymmetric hydrogenation of prochiral olefins without induction periods. Several Rh(I) β-
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diketonates and β-aminoketonates were studied by 103Rh NMR, giving shifts for, e.g., β-

diketonates Rh(acac)(CO)(PPh3) (acac = MeCOCHCOMe-, δ 262), 

Rh(PhCOCHCOPh)(CO)(PPh3) (δ 303), and β-aminoketonate 

Rh[MeCOCHC(NPh)Me](CO)(PPh3) (δ 190).514 The shifts of the Rh(I) β-diketonates and β-

aminoketonates were compared with earlier reported analogs. Rh(I) complexes [nbd-(CH2)4-

EPh2]2Rh2(μ-Cl)2 [68, E = P, N; nbd-(CH2)4-EPh2 = 2-substituted-2,5-norbornadiene] were 

catalysts for the polymerization of PhC≡CH and its derivatives.515 103Rh NMR together with DFT 

calculations indicated that the phosphine analog [E = P, δ -7748 referenced to Rh(acac)3, 1JRh-P 

= 166 Hz] existed as mononuclear 16-electron species using the PPh2 group as a ligand to the 

Rh(I) ion, while the amide analog (E = N) is a dimer with bridging chloride ligands (δ -7052, -

7090). The two resonances for the latter are believed to be from syn- and anti- isomers and/or 

isomers with various combinations of (1S,4R)- and (1R,4S)-nbd derivatives.515 Two types of 

Rh(I) norbornadiene derivatives serve as an initiator in the stereospecific polymerization of 

PhC≡CH: (a) (nbd)Rh[P(4-F-C6H4)3](o-napth-C6H4) [103Rh δ -7688 on the IUPAC Ξ scale and δ 

547 if referenced to Rh metal (using the Ξ = 3.160000% scale); nbd = 2,5-norbornadiene, o-

napth-C6H4 = 2-(naphthalen-2-yl)phenyl];29 (b) α-Phenylvinylfluorenyl complexes, such as 

(nbd)Rh[P(4-F-C6H4)3](CPh=CFlu) (69) [103Rh δ -7862 using the IUPAC Ξ scale and δ 372 if 

referenced to Rh metal].30 Rh(I) yldiide complex 70 showed the 103Rh resonance at δ 259.516 

103Rh NMR was used to characterize the diaminocarbene complex 71 (δ 542) and its 

derivatives.517 For the Rh(I) sulfonamido-phosphoramidite (72), NMR (15N, 31P and 103Rh) and 

DFT studies were conducted to probe the AA′MM′XX′ 6 spin system.518 
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         (68)      (69)            (70)         (71) 

 

 

        (72)       (73) 

 

Several Rh(I) trimers [Rh3(P,P)3(μ3-OH)x(μ3-OMe)2-x]BF4 [e.g., P,P = S,S-dipamp = 1,2-

ethanediylbis-[(2-methoxyphenyl)phenylphosphine (73)] were studied, including by 103Rh NMR 

using 31P-103Rh HMQC, showing deshielded shifts from δ 97 for the dihydroxide (x = 2), to δ 212 

for the mixed hydroxide methoxide (x = 1), and δ 360 for the dimethoxide (x = 0) complex.513,519 

These complexes were possible precatalysts for asymmetric hydrogenation through solvate 

derivatives. 103Rh NMR was used to characterize Rh(I) heterobinuclear s-indacene complexes 

anti-[Cp*M(2,6-diethyl-4,8-dimethyls-indacenediide)Rh(η4-cod)] (74, M = Fe, δ -275; Ru, δ -

281).520 
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 (74)   (75)       (76)    (77) 

 

In studies of Rh(III) organometallic chemistry, 1H-103Rh HMBC, using the coupling to the 

Cp* ligand, led to 103Rh shifts of Rh(III) Cp*RhCl(4-X-dpen) [4-X-dpen = 4-X-1,2-

diphenylethylenediamine (75); X = Me, δ 2551; X = F, δ 2037 referenced to Cp*2Rh2Cl2(μ-Cl)2 at 

δ 2303 - This is at the Ξ 3.15% scale rather than Ξ 3.16% scale).521 1H-15N HMQC gave 15N 

shifts of the two complexes: δ -263.6 (d, 1JRh-N = 14 Hz, NH2), -210.6 (d, 1JRh-N = 18 Hz, 4-

MeC6H4SO2N) for the 15N-labeled former (X = Me) and δ -263.8 (d, 1JRh-N = 16 Hz, NH2), -210.2 

(d, 1JRh-N = 21 Hz, 4-F-C6H4SO2N) for the latter (X = F).521 NMR studies of Cp*Rh(SiEt3)(μ-

H)2Al(H)(mesityl-N-CMeCHCMe-N-mesityl) give 103Rh (by 1H-103Rh HMQC using the coupling to 

the H- ligand), 27Al and 29Si shifts of δ -1570, 144.7 and 38.6, respectively.522 Its Mg2+ and Zn2+ 

analogs Cp*Rh(SiEt3)(μ-H)2M(Ar-N-CMeCHCMe-N-Ar) (76; M = Zn2+, Mg2+; Ar = 2,6-Pri
2-C6H3) 

give the following 103Rh and 29Si shifts: M = Zn2+ δ -1743 and 31.6 (1JRh-Si = 20.6 Hz); M = Mg2+ δ 

-1540 and 34.7.522 For the binuclear rhodium and tungsten complex 77 with bridged by 2-(4-

pyridyl)thiazole-4-carboxylate, its 103Rh and 183W shifts are δ 510 and δ 1463, respectively.523 

In computational and theoretical studies, isotope shifts in 103Rh NMR spectra of, e.g., 

Rh35Cln37Cl5-n(H2O)2− (n = 0-5), were probed by DFT.524 DFT computations were also performed 

to provide a computational insight into the 103Rh shift-structure correlations in Rh bis(phosphine) 

complexes Rh(cod)(P,P)+ [P,P = dmpe, dppe, Me-DuPhos (64), DIOP (65), BINAP (66)].525 The 

results showed a linear relationship between computed 103Rh chemical shifts and the mean 
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Rh−P bond distances. 

In the NMR studies of ligands in Rh complexes, 15N NMR was used to follow the 

irradiation of [Rh(15NH3)5(15NO2)]2+ (δ -408, -416) in water in the presence of O2.526 The 15N shifts 

and 103Rh-15N coupling constants for several rhodoximes with the general formula RhX(Hdmg)2L 

(78) (Hdmg = dimethylglyoximate; L= PPh, pyridine; X = e.g., Cl-, Br-, But, CH2Cl, CH2CF3) were 

obtained using 15N-1H HSQC.527 15N-1H HSQC, HMQC, or HMBC NMR was also used to explore 

the effect of different N-containing adducts, such as pyridine or NEt3, on Rh2(O2CR)4 [R = CF3, 

Me, C(OMe)(CF3)Ph].528-531 Complexation of phenylselenenyl-1-phenyl-1-propene (79) via the 

Se atom with Rh2(O2CR)4 [R = C(OMe)(CF3)Ph] was monitored via 77Se NMR.532 VT 1H studies 

were also conducted on this system to determine the energy barrier for the selenide exchange 

when excess selenide was present.532 [Rh(C2H4)(dtpbb)]2 (80, dtpbb = di-tert-butylphosphido-

boratabenzene) was synthesized and characterized via several NMR, including 11B (δ 23.7)  

and 31P (δ 23.7).533 

 

 

(78)    (79)    (80) 

 

Irradiation of (η5-C5H4CF3)Rh(PMe3)(C2H4) and CpRh(PR3)(C2H4) (R = Me, Ph) in the 

presence of HBpin and B2pin2 (pin =1,2-O2C2Me4) was investigated.534 Photolysis of these Rh 

complexes with silanes, including HSiEt3, HSiPri
3, HSi(OMe)3, HSiMe2Et, HSiMeEt2, and 

H2SiEt2, were also conducted.534 These reactions resulted in the elimination of C2H4 and B-H or 

Si-H oxidative additions to the Rh center.534 The products were analyzed via NMR including 11B 
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NMR for those containing B atoms and 31P NMR for all products.534 Water exchanges of several 

Rh complexes, such as the Rh trimer [Rh3(µ3-O)(µ-O2CCH3)6(OH2)3]+, were explored via 17O 

NMR as a function of temperature and pressure.535-537 17O and NOESY NMR studies were used 

to study the structures of [Cp*Rh(H2O)3]2+ and other Rh aqua complexes at various pH 

values.538 

 

8.3. Iridium complexes 

As indicated in the footnote of Table 11, we did not find a publication in 1990-2019 on 

the 191Ir or 193Ir NMR of a metal complex. It was not included in the 1991 book edited by 

Pregosin1 or the 2016 review of NMR of platinum group metal complexes in aqueous 

solutions.399 

Cp* Ir(III) complex 81 reacted with oxidant NaIO4 [or (NH4)2Ce(NO3)6] forming a blue 

species (81, Figure 5) which was characterized by several techniques including 17O NMR for 

the reaction conducted in 17OH2.539 The results suggested that 82 was an Ir(IV) species with the 

structure shown in Figure 5. The Cp* ligand in 81 was removed during the reactions, and the 

blue 82 was a catalyst for oxidation of C-H bonds to C-OH bonds and oxidation of water to 

O2.539 

 

 

          (81)      (82) 

Figure 5. Reaction of 81 with NaIO4 to give 82. 

 

15N NMR was used to analyze Ir(H)(NH3)2(PEt3)3
2+ (δ -473.0), Ir(H)(NH3)3(PEt3)2

2+ (δ -
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425.3), and Ir(H)(Cl)(NH3)2(PEt3)2
+ (δ -461.2).540 These complexes were found to undergo N-

H/O-D scrambling when exposed to D2O and were also studied via 2D NMR.540 Water exchange 

studies were performed on Ir(H2O)6
3+ and Ir(H2O)5(OH)2+ via 17O NMR as a function of 

temperature and pressure at several pH values.541 The rate constant at 298 K of [Ir(H2O)6]3+ was 

1.1 x 10-10 s-1. The exchange rate corresponded to a residence time of about 300 years for this 

exchange, indicating that the exchange was very slow.541 

For the use of parahydrogen (p-H2) in the SABRE (Signal Amplification by Reversible 

Exchange) method to hyperpolarize [Ir(IMes)(H)2L3]Cl (IMes = 1,3-dimesitylimidazol-2-ylidene, L 

= substrate such as indazole or imidazole), see Section 13.6. 

 

9. Group 10 (Ni, Pd and Pt) 

Nuclear and NMR properties of the nuclides, including recommended and commonly 

used references, are given in Table 12. Publications on solution NMR of Group 10 metals are 

dominated by 195Pt. This is largely because both 61Ni and 105Pd have rather large quadrupole 

moments, leading to broad resonances of their complexes in non-cubic symmetries. In addition, 

the low natural abundance of 1.1399% of 61Ni and its small relative receptivities/sensitivity make 

it challenging to observe the 61Ni NMR of metal complexes. 

 

Table 12.26 Nuclear and NMR properties of 61Ni, 105Pd and 195Pt 

Nuclide 

Natural 

abun-

dance 

(%)a 

Spin 

Relative receptivity  

Gyromagnetic 

ratio (107) 

(rad s-1 T-1) 

Quadrupole 

moment Q  

(fm2)  

Ξ (and 

frequency, 

MHz; 1H = 

100.0000 

MHz, 

2.3488 T) 

Reference 

sample 
DH 

 (1H = 1.00) 

DC 

(13C = 1.00) 

61Ni 1.1399 3/2 4.09 x 10-5 0.240 -2.3948 16.2 8.936051 
Ni(CO)4 

(neat/C6D6) 

105Pd 22.33 5/2 2.53 x 10-4 1.49 -1.23 66.0 4.576100 K2PdCl6 
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(aq) 

195Pt 33.78 1/2 3.51 x 10-3 20.7 5.8385 - 21.496784 Na2PtCl6 

(aq) 

a Unless noted, the isotopes are stable. The natural abundances are based on the NIST data.25 

 

9.1. Nickel complexes 

61Ni NMR shifts of 22 Ni(0) carbonyl phosphine complexes were recorded with the use of 

special solenoid glass sample tubes and a solenoid probehead.542 The complexes included 11 

tricarbonyl compounds Ni(CO)3(PR3) [including R3 = Me3, 61Ni δ 25.8; Ph3, δ 24.2; Cy3, δ -11.2; 

Cy2H, δ -23.5; Ph2Cl, δ 48.5; (OPh)3, -129.5] and [Ni(CO)3]2(μ-dppe) (δ -2.1). Other 11 

complexes were dicarbonyl compounds Ni(CO)2(PR3)2 with a larger 61Ni shift range. These 

complexes included Ni(CO)2(PMe3)2 (δ 104.0), Ni(CO)2(dppe) (δ -160.5), and Ni(CO)2[P(OPh)3]2 

(δ -294.0).542 Description of special solenoid glass sample tubes and a solenoid probehead was 

provided. 61Ni NMR shifts of Ni(PMe3)4 (δ 35, 300 K), all-trans-cyclododecatriene (83, δ 75) and 

all-cis-cyclododecatriene (84, δ 22) were reported.543 DFT computations of the substituent 

effects on 61Ni NMR chemical shifts of several Ni(0) complexes were performed.543  

 

 

     (83)           (84) 

 

 31P and 11B NMR studies of σ-borane nickel complexes, such as diphosphine complexes 

(R2PCH2CH2PR2)Ni(H-BEt2) (R = Pri, But, Cy), were discussed in a 2008 review.139 

 

9.2. Palladium complexes 

105Pd NMR of Pd(IV) H2PdCl6 [in concentrated HCl containing dissolved Cl2 or aqua 
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regia (HCl : HNO3 = 3 : 1)] and H2PdBr6 (in a 1:1 mixture of HBr and HNO3) was first reported in 

1984 by Fedotov and Likholobov.544 In 2016, Fedotov gave more details of 105Pd NMR of 

K2PdCl6 dissolved in concentrated HCl, showing that the resonance shifted to δ 53 at 323 K 

from δ 0 at 300 K.399 The temperature coefficient of 2.3 ppm/K for 105Pd NMR of K2PdCl6 was 

close to that of 103Rh NMR of RhCl63-. 105Pd shift of Pd(II) H2PdCl4 in concentrated HCl 

containing dissolved Cl2 was found to be δ 28.399 

Mechanisms of Н2О exchange were studied in the Pd(OH2)4
2+ (17О δ -132), including the 

measurements of the rates and energy exchange parameters.399,545 

For the use rapid-injection NMR to study pre-transmetalation intermediates with Pd(II)-

O-B linkages, such as (4-F-C6H4)(Pri
3P)2Pd-O-B(OH)(4-F-C6H4),546-547 in the Suzuki-Miyaura 

reaction, see Section 13.8. 

The cluster complex [K(2,2,2-crypt)]4[Pd2@Sn18] (2,2,2-crypt = 

N(CH2CH2OCH2CH2OCH2CH2)3N) was synthesized and characterized by 119Sn NMR (δ -

751.3).548 77Se NMR was used to characterize palladacycle complexes formed from the 

reactions of Li2PdCl4 with C10H7-1-CH=N-CH2CH2SePh or C10H7-1-CH2NH-CH2CH2SePh. The 

Pd complexes showed 77Se shifts at δ 326.9 and 486.2, respectively.549 

15N and 1H-15N HMBC NMR were used to characterize Pd complexes, helping to 

determine their structures, and/or investigate their catalytic activity.550-554 For example, the 

coordination mode of 4,5-diazafluoren-9-one (daf) with Pd(OAc)2 was investigated using 1H-15N 

HMBC, TOCSY, and ROESY.552 It was found that many complexes could form.552 These 

complexes included monomeric and dimeric complexes with chelating, monodentate, and 

bridging binding modes.552 DOSY was also used to identify several aggregates including 

pentameric and hexameric aggregates of systems made via self-assembly reactions of, e.g., 

N,N′-bis[4-(4-pyridyl)phenyl]acenaphthenequinonediimine (85) with Pd(II) diphosphine 

complexes such as [Pd(dppp)(H2O)2](OTf)2 [dppp = Ph2P(CH2)3PPh2].550 
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(85) 

 

In the reaction of PdCI2 with tppts [tppts = P(2-SO3Na-C6H4)3], 17O enriched H2O was 

found to give the complex [PdCl(tppts)3]+ as well as Pd(II) reduction to Pd(0).555 The reactions  

were analyzed via 17O, 31P, and 35Cl NMR.555 

Complexes MLi4[Si(3,5-Me2pz)3]4 (86) (M = Pd, Pt; 3,5-Me2pz = 3,5-dimethylpyrazolyl) 

were characterized via several NMR spectroscopies, including 7Li, 7Li-15N gHMQC, 1H-29Si 

gHMQC, and 7Li-195Pt HMQC (M = Pd, δLi 4.23, δN 235.4 and 288.0, δSi 20.3; M = Pt, δLi 5.22, δN 

236.2 and 288.9, δSi 3.7, δPt -6639).556 

 

(86) 

9.3. Platinum complexes 

195Pt NMR is one of most widely used transition metal NMR spectroscopies557-558 

primarily because platinum chemistry encompasses many areas, including catalysis and 
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anticancer drugs.559 195Pt NMR shits span a wide range of 13000 ppm.558 195Pt NMR was 

reviewed in 2006557 and 2007.558 NMR of 195Pt and ligand donor atoms in metal complexes in 

aqueous solutions was reviewed in 2016.399 In addition, chemometric uses of 195Pt NMR were 

reviewed in 2006.559 Thus, the current article focuses on the publications between 2006 and 

2019. 

Pt complexes studied by 195Pt NMR include those at 0, I, II, III and IV oxidation states. 

Among the publication discussed below, a small number of papers were about organometallic 

complexes containing Pt-C bonds. Thus, we will discuss here the publications on 195Pt NMR by 

oxidation states of the Pt complexes, including both coordination and organometallic 

compounds. 

Pt(0) complexes [(Cy3P)2Pt→(μ-M)←Pt(PCy3)2][B(3,5-Cl2-C6H3)4] (M = Ag, Tl) containing 

bridging, unsupported Ag+ and Tl+ cations, were prepared from Pt(PCy3)2 and MB(3,5-

C6H3Cl2)4.560 195Pt NMR spectra of the two products, at δ -4853 and -4697, respectively, 

revealed a large deshielded shift compared to the starting material Pt(PCy3)2 (δ -6501), as a 

result of donating electrons from Pt(0) atoms to M+ cation.560 

195Pt NMR was used to characterize the derivatives of Pt(I) phosphinito-bridged dimer 

(Cy2HP)Pt(μ-PCy2)(κ2O,P-μ-O-PCy2)Pt(PHCy2) (87, Figure 6; 195Pt NMR: δPtA -4798; δPtB -5205) 

with a Pt-Pt bond,561 such as its sulfur derivative Cy2HP)Pt(μ-PCy2)(κ2S,P-μ-S-PCy2)Pt(PHCy2) 

[195Pt NMR: PtA, δ -5218; PtB, δ -5376]. For the diphosphinito-bridged dimer (Cy3P)Pt(μ-

PCy2)2Pt(PCy3) with a Pt-Pt bond, 195Pt resonance was observed at δ -5554.561 

 

 

(87)                                                              (88) 
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Figure 6. Reaction of 87 with HI to give the hydride-bridged complex 88. The bridging 

phosphinito ligand uses one σ bond and one dative bond to bind to the Pt atoms, although it is a 

nearly symmetric bridging ligand in 87. 

 

 In Pt(II) chemistry, protonation of Pt(I) 87 with Brønsted acids led to oxidation of the Pt(I) 

complex to Pt(II) hydride-bridged Pt-Pt complexes, such as anti-I(Cy2HP)Pt(μ-PCy2)(μ-

H)Pt(PHCy2)I (88, Figure 6; 195Pt NMR: Pt1, δ -5723, Pt2, δ -5550).562 NMR studies, including 

195Pt and 15N, were used to characterize Pt(II) chloride complexes (N,N)PtCl2 with pyridine (py), 

2,2′-bipyridine (bpy) and 1,10-phenanthroline (phen).563 The 195Pt and 15N shifts of the 

complexes are given in Table 13. Various alkyl and aryl derivatives of bpy and phen, such as 

5,5′-dimethyl-2,2′-bipyridine (5,5′-dimethyl-bipy), 6,6′-dimethyl-2,2′-bipyridine (6,6′-dimethyl-

bipy), and 2,9-dimethyl-1,10-phenanthroline (2,9-dimethyl-phen), were also prepared and 

probed by NMR.564 The 195Pt and 15N shifts of the complexes are given in Table 13. 195Pt shifts 

of square-planar Pt(II) complexes PtXmY4-m
2- (1 ≤ m ≤ 4; X, Y = Cl-, Br-, I-)565 and Pt(η2-

CH2=CH2)(2,9-dimethyl-phen)XY565-567 showed an inverse linear relationship with the overall 

sum of ionic radii of halide ligands, suggesting the existence of electric pseudo-ring currents 

circulating around the Pt–X axes and modulated by the ionic radius of the coordinated 

halides.566-567 Pt(II) complex trans(N,N)-[Pt(2ppy∗)(2-phenylpyridine)Cl] with an N(1),C(2′)-

chelated, deprotonated 2-phenylpyridine ligand (2ppy∗) was also studied.568 Pt(II) complex 

[Pt(NH3)3(1-methylcytosine)](ClO4)2, containing a mono-dentate 1-methylcytosine (89) ligand, 

shows 195Pt shift at δ -2601.569 Pt(II)-Ag(I) complexes in Figure 7 were prepared and the more 

shielded shifts of the 195Pt resonances in the complexes [than those of the starting Pt(II) 

complexes] were interpreted as the result of no direct Pt(II) to Ag(I) binding in the products.570 

195Pt NMR was used to characterize Pt(II) imine and/or oxadiazoline complexes, such as trans-

PtCl2(mip)(N≡CCH2CO2Me) [90; δ -2250; mip = NH=C(CH2CO2Me)ON=CMe2 using its imine N 

atom to bind to the Pt(II) ion] and cis-PtCl2(mip)2 (δ -2068).571 195Pt shifts of these complexes 
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were in the δ -2050 to -2330 range. 

 

Table 13. 195Pt and 15N NMR shifts of Pt(II) alkyl and aryl derivatives of bpy and phen563-564 

Complexes 195Pt shifts (δ) 15N shifts 

trans-Pt(py)2Cl2 -1952 -182.3 

cis-Pt(py)2Cl2 -2002 -168.0 

Pt(bpy)Cl2 -2331 -177.9 

Pt(phen)Cl2 -2345 -180.0 

Pt(5,5′-dimethyl-bpy)2Cl2 -2315 -178.7 

Pt(6,6′-dimethyl-bipy)Cl2 -1888 -167.0 

Pt(2,9-dimethyl-phen)Cl2  -1901 -175.2 

 

 

    (89)    (90) 

 

 

Figure 7. Formation of Pt(II)–Ag(I) complexes and a comparison of 195Pt shifts of the starting 
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materials and products. 

 

Bioinorganic Pt(II) complexes were also characterized by 195Pt NMR. Mixing cis-

[Pt(NH3)2(9-EtGH)Cl](NO3) containing mononucleobase 9-ethylguanine (9-EtGH = 91) with 5′-

guanosine monophosphate (5′-GMP = 92) and N-acetylmethionine (N-ac-L-Met = 93) in water 

led to the Cl- replacement and formation of cis-[Pt(NH3)2(9-EtGH)(5′-GMP)]2+ and cis-

[Pt(NH3)2(9-EtGH)(N-ac-L-Met)]2+, showing 195Pt peaks at δ -2432 and -2983, respectively.572 

Reaction of [Pt(dien)Cl]Cl [dien = diethylenetriamine HN(CH2CH2NH2)2] with selenomethionine 

[MeSe(CH2)2CH(NH2)COOH, a naturally occurring amino acid, abbreviated as SeMet], gave 

Pt(dien)(SeMet)2+ containing a Pt-Se bond as a product, showing 195Pt shift at δ -3420.573 

Analogs of the Pt-Se complex were also characterized by 195Pt NMR.573 Reaction of Pt(PPh3)4 

with dipyrimidyldiselenide (94) led to the oxidation of the Pt(0) complex to the 

pyrimidyldiselenide Pt(II) complex trans-Pt(SeC4H3N2)2(PPh3)2 containing two Pt-Se bonds with 

195Pt shift at δ -5120 as a triplet due to coupling with two equivalent 31P nuclei.574 

 

 

(91)   (92)    (93)   (94) 

 

Pt(II) complex (95) with an opening “jaw” ligand dative-bonded to the Pt(II) ion in Figure 

8-A gave its 1H-decoupled 195Pt NMR resonance at δ -4068 as a triplet of a triplet of a triplet 

through couplings to three types of P atoms with 1JPt-P = 3165 Hz, 2JPt-P = 204 Hz and 3JPt-P = 57 
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Hz (Figure 8-B).575 In another Pt(II) complex (96) with an opening “jaw” ligand that was σ-

bonded to the Pt(II) ion in Figure 8-C, 195Pt NMR resonance was observed at δ -4826.576  

 

Figure 8. (A) Pt(II) complex 95 with an opening ‘‘jaw” ligand dative-bonded to a Pt(II) ion; (B) 

1H-decoupled 195Pt NMR spectrum of 95; (C) Pt(II) complex 96 with an opening ‘‘jaw” ligand σ-

bonded to a Pt(II) ion. 

 

195Pt NMR was used to characterize Pt(II) organometallic complexes, including 

Pt(COMe)Cl(PPh2[o-CH(O2C2H4)-C6H4]) (97, δ -3509) and Pt(COMe)Cl(PPh2[o-CH(O2C2H4)-

C6H4])2 (98, δ -3847).577 Pt(II) complex 99, containing a diselenastanna-annelated dicarba-closo-

dodecaborane ligand, was characterized by multinuclear NMR, giving 195Pt (δ -574 referenced 

to Ξ = 21.4% which is different from 21.496784 MHz in Table 12), 119Sn (δ 58), and 31P shifts (δ 

23.8 for PA and 14.6 for PB).578 An analog of 99 containing the SnPh2 group was also studied by 

NMR.578 Stilbene-based Pt(II) complex 100 in Figure 9 shows long-range through-bond 

communication, as multi-nuclear NMR studies show.579 This complex is unstable, converting to 

the product 101 through oxidative addition of the Br-C bond. 
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        (97)      (98)    (99) 

 

 

Figure 9. Conversion of 100 to 101 and their NMR properties. 

 

 For Pt(III) chemistry, 195Pt and 205Tl NMR were used to characterize (O3N)(H3N)2Pt(μ-

NHCOBut)2Tl(NO3)2(MeOH) (195Pt, δ -980; 205Tl, δ -874; 1JTl-Pt = 1.468 x 105 Hz) and 

[[(O3N)(H3N)2Pt(μ-NHCOBut)2]2Tl]PF6 (195Pt, δ -1133; 205Tl, δ -1562; 1JTl-Pt = 8.884 x 104 Hz), 

which contain one Pt-Tl bond and two Pt-Tl bonds, respectively.580 The large 1JTl-Pt values for the 

two complexes are consistent with the presence of Pt-Tl bonds in the complexes. X-ray 

photoelectron spectra (XPS) studies show that the Pt oxidation states are close to that of 

Pt(III).580 A series of head-to-head and head-to-tail amidate-bridged Pt(III) dinuclear complexes, 

such as 102 and 103, were probed by 195Pt NMR.581 The chemical shifts of the two Pt ions (δ 

393 and -844) in the head-to-head isomer 102, in comparison to δ -265 of the head-to-tail 

isomer 103, suggested that the PtA and PtB ions were likely at IV and II oxidations, 
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respectively.581 195Pt NMR was used to study several mixed Pt(II),Pt(III) phosphide derivatives, 

such as (C6F5)2PtA(μ-PPh2)2PtB(μ-PPh2)2PtC(C6F5)2 containing the PtA(III)-PtB(III) bond (δ, PtA -

5336; PtB -4393; PtC -3783), and to compare the shifts with those of Pt(II) phosphide 

complexes.582 

 

 

                                (102)   (103) 

 

For Pt(IV) chemistry, 195Pt NMR was used to investigate the distribution of Pt(IV) 

products after oxidation of PtCl42- by NaClO3, NaBrO3, and H2O2 in acidic solutions and, for 

comparison, by H2O2 in water.583 35/37Cl and 16/18O isotope-resolved 195Pt NMR spectra at 128.8 

MHz showed unique spectroscopic ‘fingerprints’ for unambiguous speciation of PtClm(H2O)6−m
4−m 

(m = 2–5) complexes in an acidic aqueous solution.584 The detailed fine structure of 195Pt 

resonance was readily accounted for by an isotopologue and isotopomer model for each 

complex, showing noticeable differences between stereoisomer pairs such as the cis/trans- and 

fac/mer-complexes.584 For hydroxide derivatives PtCln(OH)6-n
2- (n = 1-5), analysis of their 35/37Cl 

and 16/18O isotope-resolved 195Pt NMR spectra showed that the greater trans influence of the 

ligands in the order OH- > Cl- > H2O resulted in slightly longer Pt−Cl bonds trans to the OH- 

ligands in PtCln(OH)6-n
2- (n = 1-5) (n = 1-5), resulting in the absence of isotopomer effects in 

contrast to PtClm(H2O)6−m
4−m (m = 2–5).585 195Pt shifts of PtXmY6-m

2- (1 ≤ m ≤ 6; X, Y = F-, Cl-, Br-, 

I-) showed an inverse linear relationship with the overall sum of ionic radii of halide ligands,565-566 

as Pt(II) complexes PtXmY4-m
2- (1 ≤ m ≤ 4; X, Y = Cl-, Br-, -I)565 and Pt(η2-CH2=CH2)(2,9-dimethyl-
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phen)XY565-567 discussed earlier in the paragraph on Pt(II) chemistry. 195Pt NMR study of the 

speciation of aqueous PtCl62-, PtBr6
2-, and the mixed PtCl6-mBrm

2- (m = 0-6) anions by OH- 

substitution was probed.586 Of the 56 possible PtCl6-m-nBrm(OH)n
2- (m, n = 0-6) complex anions in 

solution under dynamic conditions, 195Pt shifts of 52 observable species [spanning over the 

range of δ 3275 for Pt(OH)6
2- to -1882 for PtBr6

2-] were assigned, 33 of which had not been 

reported previously.586 195Pt NMR was used to characterize cis bis-stibine complex 

PtMe3I[MeN(CH2-2-C6H4SbMe2)2] (δ -4400) prepared from PtMe3I and the bis-stibine 

compound.265 

 Many theoretical and computational studies were conducted in 2007-2019, often 

involving different DFT methods, to investigate 195Pt NMR shifts/shielings in a variety of 

complexes.587-601 The complexes included anticancer agents,593-594,598-599,601 Pt=O 

compounds,587,589 PtXmY6-m
2- (1 ≤ m ≤ 6; X, Y = F-, Cl-, Br-, I-),588,590 products from speciation and 

hydration/solvation of PtX6
2- (X = Cl-, Br-),592,600 and azides (Pt-N3).596 Correlation between 195Pt 

shifts and electronic transitions among d orbitals in pincer NCN Pt(II) complexes was studied.591 

195Pt NMR of Pt(NHC-Dip2)(SiMe3)2 [104, NHC-Dip2 = 2,6-diisopropylphenyl-containing N-

heterocyclic carbine] with an unusual Y-shaped structure was significantly different from those 

of Pt(II) complexes but close to those of typical Pt(0) complexes. Theoretical study showed that 

Pt(NHC-Dip2)(SiMe3)2 was more likely a Pt(0) σ-disilane (105) rather than a Pt(II) disilyl complex 

(104).597 

 

 

  (104)   (105)     (106) 
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Reactions of Pt(0) Pt(C2H4)(PEt3)2 with diselenides RSeSeR [R = Ph, Fc (ferrocenyl)] 

gave oxidative addition products trans-Pt(SeR)2(PEt3)2, giving 77Se NMR shifts of the products 

[R = Ph, δ 78; R = Fc (Fc = ferrocenyl), δ -47 referenced to SeMe2].602 Pt[TeC4H(4,6-

Me)2N2]2(dppm) (106) with two pyrimidyltelluride ligands gave the 125Te resonance at δ -472 

(referenced to TeMe2).574 

1H-195Pt HMBC of a Pt(IV) mono azido mono triazolato complex (107) revealed two 195Pt 

environments (δ 689 and 785) that showed the complex was in a dynamic exchange (Figure 

10).603 This complex was also characterized by other NMR techniques including  COSY and 

ROESY.603  

 

 

 

Figure 10. Dynamic exchange between two isomers of complex 107  

 

Pt(II) complexes with selenium adducts of germa- and stanna-closo-dodecaborate 

Pt(dppp)(Se-GeB11H11)2
2- and Pt(dppp)(Se-SnB11H11)2

2- (108) were characterized by NMR 

including 31P [δ -3.3 (Ge complex) and -1.8 (Sn complex)], 77Se [δ -227.9 (Ge complex), -108.3 

(Sn complex)], 195Pt [δ -4777 (Ge complex), -4726 (Sn complex)], and 119Sn [δ  -338 (Sn 

complex)].604 
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(108) 

 

A series of organotin platinum complexes, such as cis- and trans-PtPh(Sn2Ph5)(PEt3)2 

and Pt complexes with bidentate bisstannylene ligands, were synthesized and characterized via 

31P and 119Sn NMR.605-606 

In order to generate a silylene complex, (dippe)PtMeCl [dippe = Pri
2P(CH2)2PPri

 2] 

reacted with (thf)2LiSiHMes2 (Mes = 2,4,6-Me3-C6H2). The product was found to be a silyl 

complex, (dippe)PtMe(SiHMes2), and was analyzed by NMR (29Si, δ -28.70; 31P, δ 66.54).607 

Reaction of the silyl complex (dippe)PtMe(SiHMes2) with B(C6F5)3 yielded the silylene hydride 

[(dippe)(H)Pt(=SiMes2)][MeB(C6F5 )3] (31P, δ 77.2; 19F, δ -132.2, -165.1, -167.2; 29Si, 338.1).607 

Both 1- and 2-D 15N NMR were used to study Pt complexes, including anticancer 

compounds, Pt-DNA complexes, cis-platin, and other Pt complexes with Pt-N interactions.608-622 

For example, hydrolysis of the 15N-labeled anticancer complexes cis-PtCl2(NH3)(2-picoline) and 

cis-PtCl2(NH3)(3-picoline) were monitored via 1H-15N HSQC.614 After 1 hour, the cross-peaks 

(δH/δN) in cis-PtCl2(NH3)(2-picoline) went from δH (4.15)/δN (-66.52) to δH (4.40)/δN (-64.41) and 

δH (4.32)/δN (-87.25).614 These peaks pertained to the hydrolysis of the Cl- trans to the 2-picoline 

and NH3 ligands, respectively.614 After 2.5 hours, both Cl- ligands were replaced as shown by a 
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new cross-peak at δH (4.41)/δN (-82.91).614 A similar experiment was conducted on the cis-

PtCl2(NH3)(3-picoline), and the results were compared.614 Both of the Cl- ligands in the 2-

picoline Pt complex hydrolyzed more slowly than those in the 3-picoline Pt complex.614 In the 3-

picoline Pt complex, the Cl- ligand trans to NH3 hydrolysed faster than that trans to 3-picoline.614 

A family of platinum bis-boryl complexes, such as Pt(PPh3)2(Bpin)(Bcat) (109, pin = 1,2-

O2C2Me4, cat = 1,2-O2C6H4), were prepared via oxidative addition of unsymmetrical diborane 

derivatives and analyzed via 11B NMR.623 Water exchange on (NCN)Pt(H2O)+ [110, N,C,N = 2,6-

(CH2NMe2)2-C6H3] was monitored as a function of pressure and temperature via 17O NMR.624  

 

  

(109)    (110)   (111)          (112) 

 

15N-labeled complexes Pt(Se2
15N2)(PMe2Ph)2 (111) and Pt(TeS15N2)(PMe2Ph)2 (112) 

have were also analyzed via 77Se, 125Te, and 31P NMR.625 The following shifts were observed: 

For 111, δPt -4050, δSeA 1819, δSeB 1383, δ15NA 486, δ15NB 402; For 112, δTe 1196, δ15NA 360, 

δ15NB 256.625 

Characterization of PtLi4[Si(3,5-Me2pz)3]4556 (86) was discussed in Section 9.2. For 77Se 

NMR of (NBun
4)2[Pt(C3Se5)2] with a diselenolate ligand,626 see Section 12.2. 

 

10. Group 11 (Cu, Ag and Au) 
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For Cu and Ag, NMR of both the metals (63Cu, 109Ag) and ligands were reported in 1990-

2019. For Au, we found only papers on NMR of ligands. Nuclear and NMR properties of the 

nuclides, including recommended and commonly used references, are given in Table 14.  

 

Table 14.26 Nuclear and NMR properties of 63Cu, 65Cu, 107Ag, 109Ag and 197Au 

Nuclide 

Natural 

abun-

dance 

(%)a 

Spin 

Relative receptivity  

Gyromagnetic 

ratio (107) 

(rad s-1 T-1) 

Quadrupole 

moment Q  

(fm2)  

Ξ (and 

frequency, 

MHz; 1H = 

100.0000 

MHz, 

2.3488 T) 

Reference 

sample 
DH 

 (1H = 1.00) 

DC 

(13C = 1.00) 

63Cu 69.15 3/2 6.50 × 10-2 382 7.1117890 -22.0 26.515473 [Cu(MeCN)4]

ClO4 

(MeCN) 
65Cu 30.85 3/2 3.54 × 10-2 208 7.60435 -20.4 28.403693 

(107Ag)b 51.839 1/2 3.50 x 10-5 0.205 -1.0889181 - 4.047819 

AgNO3 (aq) 
109Ag 48.161 1/2 4.94 x 10-5 0.290 -1.2518634 - 4.653533 

197Auc 100 3/2 2.77 x 10-5 0.162 0.473060 54.7 (1.729)d - 

a Unless noted, the isotopes are stable. The natural abundances are based on the NIST data.25 

b 107Ag in parenthesis is considered to be the less favorable of the element for NMR. 

c Although we did not find reports of 197Au NMR, it is listed here for comparison. 

d Value in parenthesis was calculated from literature data on nuclear magnetic moments. 

 

10.1. Copper complexes 

Of the two nuclides, both with spin 3/2, 63Cu is more than twice as abundant as 65Cu and 

has larger relative receptivities. Thus, 63Cu was typically selected for Cu NMR, although both 

63Cu and 65Cu were used.627 Of the two principal oxidation states for copper, Cu(II) complexes 

with d9 configuration are often paramagnetic, while Cu(I) complexes are diamagnetic. We found 

publications in 1999-2019 on 63Cu NMR of Cu(I) complexes. 

63Cu NMR of inorganic compounds was reviewed in 1999.627 Thus, we focus on 

publications on Cu NMR in 1999-2019 in the current review. 
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Temperature effect on 63Cu NMR on the nitrile complex [Cu(PhCN)4]BF4 was studied.628 

63Cu NMR line widths of CuOTf and CuClO4 in acetonitrile solutions containing salts, water or 

Cl- were also investigated.629 Studies of solvation of Cu(I) salts, such as CuClO4 in mixed 

solvents of MeCN or PhCN containing other nitriles (EtCN, PriCN), dmso, or D2O, probed by 

63Cu/65Cu NMR were reviewed.630 

Cu phosphine complex [Cu(dppmb)2]BF4 [dppmb = 1,2-bis(diphenylphosphin

omethyl)benzene, o-(CH2PPh2)2-C6H4] gave a 63Cu resonance at δ 193, which is typical for 

Cu(I)-P4 complexes.631 Similarly, phosphine perfluorinated carboxylates, such as 

[Cu(dppp)2](OOCC2F5), showed broad 63Cu bands at ca. δ 230.632 63Cu NMR was used to 

characterize several Cu(I) phosphite perfluorinated carboxylates, such as Cu2[P(OPh)3]4(μ-

OOCC2F5)2 (δ 105), showing that 63Cu shifts of the phosphites were more shielded than those of 

phosphine analogs.633 63Cu NMR studies of Cu(I) complexes with P-donor ligands, such as 

phosphines and phosphites, were reviewed in 2006.634 

In addition to complexes with N- and P-containing ligands, Cu(I) compounds with Sb-

containing stibine ligands were characterized by 63Cu NMR. [Cu(R2SbCH2SbR2)2]PF6 (R = Me, 

Ph) showed 63Cu resonances at δ -170 (R = Me) and -197 (R = Ph).635 Their analogs, 

[Cu(dmsmb)2]BF4 [dmsmb = 1,2-bis(dimethylstibanylmethyl)benzene, o-(CH2SbMe2)2-C6H4] and 

[Cu(bdmsa)2]BF4 [bdmsa = bis(2-dimethylstibanylbenzyl)methylamine, MeN(CH2-o-SbMe2-

C6H4)2] showed 63Cu resonance at δ -171446 and -203,265 respectively.  

Cu(I) complexes containing chalcogen (S, Se, Te) elements were also studied by 63Cu 

NMR, including [Cu[o-(CH2EMe)2-C6H4]2]BF4 (E = S, 63Cu δ 132; E = Se, 63Cu δ -2, 77Se δ 87; E 

= Te, 63Cu δ 16, 125Te δ 98).636 Di-tellurium substituted 18-crown-6, 1,4,10,13-tetraoxa-7,16-

ditelluracyclooctadecane ([18]aneO4Te2, an analog of 1 shown earlier), used its two Te atoms to 

bind to the Cu(I) ion as a ligand to give [Cu([18]aneO4Te2)2]BF4, showing resonances of 63Cu δ -

59 and 125Te δ 166.637 

A series of organometallic Cu(I) carbonyl complexes with tridentate N,N,N ligands were 
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investigated by 63Cu NMR, including Tp*Cu-CO (δ 716), [(TpC)Cu-CO]ClO4 [δ 504, TpC = tris(2-

pyridyl)carbinol (113)], and [(Me-tacd)Cu-CO]ClO4 [δ 585, Me-tacd = 1,5,9-trimethyl-1,5,9-

triazacyclododecane (114)].638 Intermetalloid cluster Cu@Sn9
3- in [K([2.2.2]-cryptand)]3[Cu@Sn9] 

[[2.2.2]-cryptand  = 115] showed 63Cu and 119Sn resonances at δ -330 and -1440 (1J119Sn–Cu = 

280 Hz), respectively.639 The crystal structure of the cluster revealed that the Cu(I) is in the 

center of the cluster with an almost spherical environment. 

 

 

   (113)     (114)      (115) 

 

65Cu NMR of the Cu+ site in blue copper protein azurin in frozen solution was 

investigated at 10 K using an 800 MHz (18.8 T) spectrometer, giving a 65Cu quadrupole 

coupling constant of ±71.2 MHz which corresponds to an electric field gradient of ±1.49 atomic 

units at the Cu site and an asymmetry parameter of ~0.2.640 Azurin is a small, periplasmic, 

bacterial blue copper protein. The sample used here was 97% 65Cu-enriched. The studies here 

provided the nuclear quadrupole interaction as an exquisitely sensitive measure of the electron 

density around Cu(I) ion and the electronic structure and environment. Earlier experiments to 

obtain nuclear quadrupole interactions in Cu(I) complexes and the reduced form of the enzyme 

superoxide dismutase were conducted at zero field by nuclear quadrupole resonance (NQR).640 

For NMR of ligands, reactions of O-phospho-L-serine [Ser-P = 

(HO)2P(=O)OCH2CH(NH2)CO2H] with Cu(II) ions were conducted in order to investigate the 

coordination of the Cu ion with the amine, carboxyl, or phosphate groups in Ser-P.641 1H-15N 

NMR by the HETCOR method was used to determine if the Cu ion was coordinating to the 
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amine group.641 The amine and carboxyl groups were involved in coordination in Cu(Ser-P)2.641 

17O NMR was used to study the effects of the pressure, temperature, and magnetic field 

on the water or solvent exchange reactions of [Cu(tmpa)(H2O)]2+ [116, tmpa = tris(2-

pyridylmethyl)amine],642 [Cu(fz)2(H2O)]2- [117, fz = ferrozine or 5,6-bis(4-sulfonatophenyl)-3-(2-

pyridyl)-1,2,4-triazine],642 [Cu(tren)(H2O)]2+ (118, tren = 63),643 and [Cu(dmf)6]2+ (119).644 

                    

                                      (116)                                                                   (117) 

 

 

     (118)                                          (119) 

 

10.2. Silver complexes 

NMR of 109Ag (spin 1/2) was considered challenging mostly due to its low Ξ value and 

relative receptivities/sensitivity (Table 14).69 

Complexes characterized by 109Ag NMR that we found were those at Ag(I) oxidation 

state. 

In Ag complexes coordinated by N-containing ligands, [Ag(NH3)2]NO3 in aqueous 
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NH3(aq) solution and [Ag(NH3)3]NO3 in liquid NH3(l) showed 109Ag shifts of δ ~450 and ~570, 

respectively.645 These shifts were compared with those of Ag+ salts (AgNO3 or AgClO4) in other 

liquids such as CD3CN (δ ~240), PBun
3 (δ ~1125) and P(OMe)3 (δ ~1260). The effect of anions 

was negligible.645 Dinitramide compounds AgN(NO2)2, [Ag(MeCN)][N(NO2)2], and 

[Ag(py)2][N(NO2)2] were studied by 109Ag and 14N NMR with the chemical shifts listed in Table 

14.646 109Ag shift of [Ag(py)2][Au(CF3)2] was found to be at δ 404.647 When [Ag(9-EtGH)2]NO3 [9-

EtGH = 9-ethylguanine (91)] was dissolved, 109Ag NMR showed the equilibria involving the 1:1 

complex of Ag:ligand.648 The 109Ag shift became gradually more deshielded from δ ~200 (at the 

Ag:ligand ratio = 1:2) to δ ~245 (at 1:4 ratio).648 For the disilver cryptate complex (120) with a 

thiophene-spaced azacryptand hexa Schiff base, 1H NMR spectrum revealed three-bond (H-

C=N-Ag) coupling of imino CH proton atoms to 107,109Ag, which was confirmed by the 109Ag 

INEPT (Insensitive Nuclei Enhanced by Polarization Transfer) spectrum with a peak at δ 

~610.649 Structure of an Ag(I)-mediated cytosine-Ag(I)-cytosine base pair within DNA duplex 

(121) was determined with solution NMR, showing 1J15N-Ag = 83 and 84 Hz and the N3–Ag–N3 

linkage.650 The 109Ag and 15N (of the N atom bound to the Ag ion) shifts were δ 442 and ~172, 

respectively.650 Reaction of AgPF6 with the chiral 5,6-Chiragen ligand (122), containing two 

condensed α-pinene/bipyridine units, gave an enantiomerically pure, helicate [Ag6(5,6-

Chiragen)6](PF6)6 in the hexagonal shape.651 109Ag NMR spectrum of the hexamer (δ 224) at 221 

K showed its equilibrium with the tetramer [Ag4(5,6-Chiragen)4](PF6)4 (δ 249).652 Ir-Ag mixed 

metal complexes Cp*(pz)Ir(μ-pz)3Ag(PPh3) and [(Ph3P)AgA(μ-pz)Cp*Ir(μ-pz)2AgB(PPh3)]BF4 

(123, py = pyrazole) were characterized by 107,109Ag NMR.653 For Cp*(pz)Ir(μ-pz)3Ag(PPh3), 

109Ag shift was observed at δ 902.8; 15N shifts were obtained at N(-Ir) δ -165.5 and N(-Ag) at δ -

93.1 with 1J15N-15N = 14.2 Hz, 1J15N-Ag = 38 Hz and 2J15N-Ag-P = 13.6 Hz.653 For (123), 109Ag shifts 

are at δ 884.3 (for AgB) and 562.9 (AgA). Its N(-Ir) shifts at δ -168.5 to -170.8 and N(-Ag) shifts at 

δ -90.7 to -105.2 with 1J15N-15N = 13.5-13.7 Hz, 1J15N-Ag = 36.5-73.8 Hz and 2J15N-Ag-P = 13.2-18.5 
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Hz.653 Trisilver complex (124) with a chiral ferrocene ligand was studied as a model 

homogeneous catalyst.654 The number of coordinated P atoms and the coordination of the chiral 

side chain were determined using 109Ag-31P, 109Ag-1H, and 31P-1H HSQC and HMQC, showing 

109Ag shifts at δ 690 (AgA) and 540 (AgB) in 124.654  

 

Table 14. 109Ag and 14N NMR shifts of Ag(I) dinitramide compounds646 

Complexes 109Ag shifts (δ) 14N shifts 

AgN(NO2)2 137 -17 (NO2), -73 [N(NO2)2] 

[Ag(MeCN)2][N(NO2)2] 212 -16 (NO2), -68 [N(NO2)2], -157 (MeCN) 

[Ag(py)2][N(NO2)2] 306 -13 (NO2), -91 [N(NO2)2], py in the same region as 

N(NO2)2, making the two indistinguishable; py may 

be displaced by solvent THF. 

 

 

 

(120)     (121)    (122) 

 

 

(123)     (124)    (125) 
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In Ag complexes coordinated only by P-containing ligands, reactions of AgNO3 with 1,2-

bis(di-2-pyridylphosphino)ethane (d2pype = 125) give monomer [Ag(d2pype)2]NO3 with the 

Ag(P,P)2
+ structure, dimer [(d2pype)Ag(μ-d2pype)2Ag(d2pype)](NO3)2 with the [(P,P)Ag(μ-

P,P)2Ag(P,P)]2+-type cation and a trimer.655 109Ag shifts of the monomer and dimer at 243 K 

were observed at δ 1411 and 1417, respectively. The trimer and analogs with bis(di-n-

pyridylphosphino)ethane (n = 3, 4) were also characterized by 109Ag.655 For Ag(I) complex 126 

with a B-templated catechol phosphine, 109Ag shift was observed at δ 702 with 1JP-107/109Ag = 

571/494 Hz.656 

Complex with a tetradentate P,S,S,P ligand, [Ag[Ph2P(CH2)2S(CH2)2S(CH2)2PPh2]]BF4, 

was characterized by 109Ag NMR with the resonance at δ 1117.657 

For Ag(I) complexes with As- (arsine) and Sb (stibine)-containing ligands, several tetra-

coordinated compounds were characterized by 109Ag NMR, including [Ag(AsPh3)4]BF4 (δ 

1056),658 [Ag(SbMe3)4]BF4 (δ 1085),658 [Ag(SbPh3)4]BF4 (δ 1166),658 and [Ag(dmap)2]BF4 [δ 

1120, dmap = Me2Sb(CH2)3SbMe2].658 109Ag shift of [Ag(dpsm)2]BF4 (dpsm = Ph2SbCH2SbPh2) 

was observed at δ 521, suggesting that the complex is probably di-coordinated (Sb-Ag-Sb).635 

 

 

            (126)           (127)  (128) 

 

Ag(I) complexes containing chalcogen (S, Se, Te) elements were also studied by 109Ag 

NMR, including [Ag[MeE(CH2)3EMe]2]BF4 (E = S, 109Ag δ 840; E = Se, 109Ag δ 829, 77Se δ 41; E 

= Te, 109Ag δ 1053, 125Te δ 24) and their analogs with the PhE(CH2)3EPh ligands.659 [Ag[o- 
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(EMe)2-C6H4]2]BF4 (E = S, 109Ag δ 788; E = Se, 109Ag δ 912, 77Se δ 180; E = Te, 109Ag δ 1128, 

125Te δ 433), showing the more deshielded 109Ag shift from the S, Se to the Te analog.660 For 

other Ag-S complexes, reaction of Ag(I) ions with 1-methyl-2(3H)-imidazolinethione (Hmimt = 

127) led to the formation of [Ag(Hmimt)3](NO3), which showed by X-ray crystal diffraction to 

contain three Ag-S bonds, and showed 109Ag δ 791.5.661 109Ag NMR of Ag(I) di-thiourea complex 

[Ag[S=C(NH2)2]2]NO3 revealed the resonance at δ 671.8,662 while mono-thiourea complex 

Ag[S=C(NH2)2]CN gave the resonance at δ 651.8.663
 A series of other Ag(I) substituted-thiourea 

and -thione complexes were characterized by 109Ag NMR,663-664 showing, e.g., 109Ag δ 654.9 for 

mono-N,N-dimethylthiourea complex Ag[S=C(NHMe)2]CN663 and δ 656.1 for di-N,N-

dimethylthiourea complex [Ag[S=C(NHMe)2]2]NO3.664 Hydride complex 

(Bun
4N)5[Ag8(H)[S2CC(CN)2]6] containing Ag-S bonds with 1,1-dicyanoethylene-2,2-dithiolate 

(128) ligands showed 109Ag δ 1136 and 1H resonance of the hydride ligand at δ 9.65.665 

For Ag(I) complexes containing S ligands with biological applications, oligomeric Ag(I) 

thiomalate complex Na[Ag[O2CCH(SH)CH2CO2]] with Ag-S bonds showed 109Ag δ 868.7.666 

Antimicrobial activities of such complexes were studied.666 Ag(I)-cysteine solution showed a 

mean Ag-S bond distance of 2.47(2) Å by EXAFS (extended X-ray absorption fine structure) 

and 109Ag NMR resonance at δ 1103, which were consistent with the product being a partially 

oligomeric AgS3 species.667 For Ag(I)-penicillamine solution, the mean Ag−S bond distance was 

2.40(2) Å by EXAFS and 109Ag NMR resonance was observed at δ 922, indicating that 

mononuclear AgS2 coordinated complexes dominated in the solution.667 Here, the studies of the 

Ag(I)-cysteine and -penicillamine interactions stemmed from the historical use of Ag(I) in 

antimicrobial agents, as the increasing bacterial resistance against antibiotics renewed the 

interest in newer and more efficient Ag-based antimicrobial biomaterials.667 

109Ag shift of (H2NPri
2)Ag[PhCH=C(S)COO] containing the di-anionic O,S ligand 

PhCH=C(S-)COO- was at δ 840.8.668 Ag(PPh3)[PhCH=C(SH)COO] containing the mono-anionic 

O,SH ligand showed the 109Ag shift at δ 936.3.669 
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For Ag-Se and Ag-Te complexes, see previous discussion on [Ag[MeE(CH2)3EMe]2]BF4 

(E = S, Se, Te),659 their analogs with the PhE(CH2)3EPh ligands,659 and [Ag[o-(EMe)2-C6H4]2]BF4 

(E = S, Se, Te).660 For other Ag-Se complexes, 107Ag NMR was used to study selenourea 

complexes Ag(selenourea)NO3 (δ 810.5) and [Ag(selenourea)2]NO3 (δ 784.3), which are >600 

ppm more deshielded than that of AgNO3 (δ 166.0).670 These resonances are also deshielded 

from those of Ag-S analogs, Ag(thiourea)NO3 (δ 685.9) and [Ag(thiourea)2]NO3 (δ 671.8).670 

Various Ag(I)-selenone complexes were probed by 109Ag NMR, including Ag(N,N-

dimethylselenourea)NO3 (δ 748.6) and [Ag(N,N-dimethylselenourea)2]NO3 (δ 839.8).671 

For Ag(I) organometallic complexes (including CN- compounds), 109Ag NMR was used to 

study (Ph3Te)[Ag(CN)2] (δ 593).672 Ag(I) trinitromethanide Ag[C(NO2)3] in various solvents was 

studied, showing, e.g., its 109Ag resonance at δ 27.5 in D2O and at δ 429.7 in CD3CN.673 109Ag 

NMR was used to characterize hydride-centered heptanuclear silver clusters, 

Ag7(H)[S2P(OEt)2]6 (δ 1117) with dithiophosphate ligands and its Se analog Ag7(H)[Se2P(OPri)2]6 

(δ 1126) with diselenophosphate ligands.674 Ag(I) cluster Ag8(μ4-H)[Se2P(OPri)2]6+ containing H- 

bridges (Ag-μ-H-Ag) in tetracapped T symmetry inside an Ag8 core was prepared with PF6
- 

anion.675 Both 109Ag, 1H-109Ag HMQC and 77Se spectroscopies were used to characterize the 

complex (109Ag δ 1155 ppm, 1JH-109Ag = 35.0 Hz; 77Se δ -0.2).675 Re(I)-Ag(I) hydride-carbonyl 

clusters Ag(μ-H)4[Re2(μ-H)(CO)8]2-, Ag(μ-H)4[Re4(μ-H)3(CO)16]2-, and Ag(μ-H)4[Re2(μ-

H)(CO)8][Re4(μ-H)3(CO)16]-, with OTf- anions, were studied by 1H-109Ag HMQC to give 109Ag 

resonances at δ 1844, 1243, and 1520, respectively.676 Ag(I) trifluoromethyl complex 

[Ag(dmf)2][Ag(CF3)2] showed the 109Ag shift of δ 569.8 for the anion [Ag(CF3)2]-.677 Other 

perfluoroalkyl Ag(I) complexes [Ag(C2F5)2]- and [Ag(n-C4F9)2]- were also characterized by 109Ag 

NMR.677 Oligomer Ag(I) [Ag(C≡CBun)]m showed the 109Ag resonance at δ ~1060.678 

Ag(III) trifluoromethyl complexes [Ag(CF3)4]- and [Ag(CF3)nX4-n]- [X = CN- (n = 1-3), CH3
-, -

C≡CC6H11, Cl-, Br- (n = 2, 3) and I- (n = 3); cation = PPh4
+ or PNP+ (Ph3P=N=PPh3

+)], showing 
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significantly deshielded 109Ag resonances from Ag(I) complexes, such as δ 2233 for [Ag(CF3)4]-, 

δ 2404 for Ag(CF3)3(dmf), and δ 2046 for [Ag(CF3)3Me]-.679 109Ag shifts of the Ag(III) complexes 

were tabulated in Reference 679. 

Several Ag(I) complexes with N-heterocyclic carbene (NHC) ligands were studied by 

109Ag NMR.680-684 [Ag(IMes)2]OTf [IMes = 1,3-mesitylimidazol-2-ylidene (129)] showed its 109Ag 

resonance at δ 642.4.680 N,N-diferrocenyl-NHC (130) complex [Ag(1,3-diferrocenylimidazol-2-

ylidene)2]BPh4 gave the 109Ag resonance at δ 727.681 Hydride dimer [(SIDipp)Ag(μ-

H)Ag(SIDipp)]OTf (SIDipp = 131) and its deuteride isotopologue [(SIDipp)Ag(μ-

D)Ag(SIDipp)]BF4, with direct Ag…Ag interactions, showed interesting H/D-109Ag and 107Ag-109Ag 

couplings in their 109Ag NMR spectra (Figure 11).682 Since naturally occurring silver consists of 

ca. 52% 107Ag and 48% 109Ag (Table 14), both with spin 1/2, the H--bridged Ag2
+ ion therefore 

comprised a mixture of roughly 1:2:1 (27:50:23) of [107Ag-H-107Ag]+, [107Ag-H-109Ag]+ and [109Ag-

H-109Ag]+. Among the three isotopologues, the first with only 107Ag isotopes did not show up in 

the 109Ag NMR spectrum. The last one, [109Ag-H-109Ag]+, was observed as a doublet split by the 

H- ligand with 1JH-109Ag = 134 Hz. In the middle isotopologue with one 107Ag and one 109Ag ion, 

[107Ag-H-109Ag]+, the 109Ag signal was split into a doublet of doublets by the 1H and 107Ag 

nuclides (1J107Ag-109Ag = 113 Hz), as shown in Figure 11-A.682 In the spectrum of the D compound 

in Figure 11-B, coupling between 109Ag and 2H (spin 1) gives rise to a 1:1:1 triplet, which 107Ag 

splits further into a 1:1 doublet of 1:1:1 triplets. This pattern indicates the large 109Ag-107Ag 

coupling and the smaller 109Ag-2H coupling (1JD-109Ag = 18.7 Hz).682 109Ag NMR was used to 

characterize the Ag(I)-NHC complex (dbdpi)Ag(acetate) [δ 476, dbdpi = 1,3-dibenzyl-4,5-

diphenylimidazol-2-ylidene (132)] and its analogs.684 The antibiotic activities of the Ag(I)-NHC 

complex and its analogs was evaluated.684 1H(13C)109Ag triple resonance NMR technique was 

developed to obtain 109Ag NMR resonances in a labile Ag(I)-carbene complex.683 In Ag 

complexes, indirect detection of 109Ag resonances via 1H-109Ag HMQC frequently encountered 
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small or absent 1JH-109Ag couplings or rapid ligand dissociation. H(X)Ag triple resonance 

spectroscopy used the large one-bond 1JX-109Ag coupling (where X is the relay nuclide). 

1H(13C)109Ag HMQC NMR experiment was performed for a Ag(I)-NHC complex at natural 13C 

(1.1%) abundance and variable temperatures, showing that was superior to the 1H-109Ag HMQC 

detection above -20 °C.683 

 

 

    (129)         (130)     (131)   (132) 
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Figure 11. (A) 109Ag NMR spectrum of [(SIDipp)Ag(μ-H)Ag(SIDipp)]OTf in CD2Cl2. (B) 109Ag 

NMR spectrum of [(SIDipp)Ag(μ-D)Ag(SIDipp)]BF4 in CD2Cl2. Insets: interpretation of signals 

from each isotopologue. Adapted with permission from Reference 682. Copyright: Royal 

Chemical Society. 

 

[HB[3,5-(CF3)2-Pz]3]AgSn(N3)[(Prn)2ATI] (133) [HB(3,5-(CF3)2-Pz)3 = hydrotris[3,5-

bis(trifluoromethyl)pyrazolyl]borate, (Prn)2ATI = N-(n-propyl)-2-(n-propylamino)troponiminate] 

was characterized by 119Sn NMR, showing a doublet at δ 90 with 1J119Sn-107/109Ag = 4866 Hz.685 

119Sn and 29Si shifts were also reported for products of the reactions between Sn[CH(SiMe3)2]2 

or Sn[CH(SiMe3)2]2X2 (X = NCO-, I-) and AgX (X = NCS-, CN-, NCO-, I-).686  

 

B 

A
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(133) 

 

NMR of α atoms of ligands was also used to study Ag complexes. In a DNA 

oligonucleotide with three consecutive imidazole nucleotides in its center, Ag(I) ions were found 

to mediate the pairings in three imidazole-Ag-imidazole interactions.687 The confirmation of the 

Ag-mediated base pairs was obtained from 1J15N-107/109Ag (86 Hz) couplings upon using 15N-

labelled imidazole.687 VT 31P NMR was used to study the coordination chemistry of equimolar 

amounts of Ag(I) with the diphosphine ligands Ph2P(CH2)nPPh2 (n = 6, 8, 10,12).688 The 1JP-107Ag 

for all reaction mixtures was ~500 Hz, indicating that the Ag(I) ion was coordinated to two P 

atoms in a linear fashion.688 

 

10.3. Gold complexes 

As indicated in the footnote of Table 14, we did not find a publication in 1990-2019 on 

the 197Au NMR of a metal complex. 

Reactions of [Au(cis-dach)Cl2]Cl and [Au(cis-dach)2]Cl3 (cis-dach = cis-1,2-

diaminocyclohexane) with K13C15N were conducted and followed by 15N NMR.689 For example, 

after the reaction of [Au(cis-dach)Cl2]Cl with K13C15N in a 1:2 ratio, a signal in the 15N NMR 

spectrum at δ 281 pertaining to Au(13C15N)4
- appeared.689 When the amount of the [Au(cis-

dach)Cl2]Cl was increased, the resonance of Au(13C15N)4
- (δ 262) was observed, showing that it 
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was produced as a second product.689 

Synthesis of bis-silyl Au(III) complexes were investigated using DFT calculations and 

NMR spectroscopy such as 31P and 29Si.690-691 For example, the reaction of (Ph3P)AuCl with, 

e.g., (PhMe2Si)2 in the presence of GaCl3 at -80 °C produced [Au(PPh3)(SiMe2Ph)2](GaCl4) (δSi 

40.7, δP 60.9).690  

For 77Se NMR of (NBun
4)[Au(C3Se5)2] containing diselenolate ligands,626 see Section 

12.2. 

 

11. Group 12 (Zn, Cd and Hg) 

For the three elements, NMR of both the metals (67Zn, 113Cd, and 199Hg) and ligands 

were reported in 1990-2019. Nuclear and NMR properties of the nuclides, including 

recommended and commonly used references, are given in Table 15.  

 

Table 15.26 Nuclear and NMR properties of 67Zn, 111Cd, 113Cd, 199Hg, and 201Hg 

Nuclide 

Natural 

abun-

dance 

(%)a 

Spin 

Relative receptivity  

Gyromagnetic 

ratio (107) 

(rad s-1 T-1) 

Quadrupole 

moment Q  

(fm2)  

Ξ (and 

frequency, 

MHz; 1H = 

100.0000 

MHz, 

2.3488 T) 

Reference 

sample 
DH 

 (1H = 1.00) 

DC 

(13C = 1.00) 

67Zn 4.04 5/2 1.18 × 10-4 0.692 1.676688 15.0 6.256803 
Zn(NO3)2 

(aq) 

(111Cd)b 12.80 1/2 1.24 x 10-3 7.27 -5.6983131 - 21.215480 
Cd(ClO4)2 

(aq)c 
113Cd 12.22 1/2 1.35 x 10-3 7.94 -5.9609155 - 22.193175 

199Hg 16.87 1/2 1.00 x 10-3 5.89 4.8457916 - 17.910822 HgCl2 (δ -

1550 in 

D2O)e,f 
201Hgd 13.18 3/2 1.97 x 10-4 1.16 -1.788769 38.6 6.611583 

a Unless noted, the isotopes are stable. The natural abundances are based on the NIST data.25 
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b 111Cd26 in parenthesis is considered to be the less favorable of the element for NMR. 

c CdMe2 (neat) is the reference by IUPAC.26 Most publications have used Cd(ClO4)2 at δ 0.00 as a reference.1-2 

d 199Hg is a useful spin 1/2 nuclide for NMR.26 

e The highly toxic HgMe2 (neat) is the reference for 199Hg and 201Hg NMR by IUPAC.26 The high toxicity of HgMe2 

means its direct use should be strongly discouraged.26-27 

f In addition to HgCl2 in D2O, Hg(ClO4)2 in H2O at δ -2253 was also used as a secondary reference.1 

 

11.1. Zinc complexes 

The small natural abundance of 67Zn and its low resonance frequency (Ξ) lead to slight 

relative receptivities. In addition, as a spin 5/2 nuclide, it has a quadrupole moment. These 

properties limited the use of 67Zn NMR in inorganic compounds.1 

Earlier 67Zn NMR studies by 1990 were reviewed in Reference 1, including following 

compounds: zincate Zn(OH)4
2- (δ 220 in 16 M KOH), ZnCl42- (δ 257), ZnBr4

2- (δ 169), ZnI42- (δ -

35), Zn(NH3)4
2+ (δ 288), Zn(SMe)4

2- (δ 362), Zn(SPh)4
2- (δ 267), and Zn(SePh)4

2- (δ 224). These 

complexes are in highly symmetric ligand environment, minimizing the contributions of 67Zn 

quadrupole moment to the peak width. 

In the 1990-2019 period, interactions of silicates with Zn(II) and Al(III) ions in highly 

alkaline, aqueous solution were studied by 67Zn, 29Si and 27Al NMR.692 When 0.84 M ZnO and 

0.86 M SiO2 were dissolved in 10.0 M KOH, (HO)3ZnOSiO2(OH)4-, formed from the reaction of 

zincate Zn(OH)4
2- with monomeric silicate, was observed at 67Zn δ 286 (line width 2500 Hz) and 

29Si δ -71.4. The shift and width of the 67Zn peak in comparison with those of zincate Zn(OH)4
2- 

(δ 220, width 554 Hz) were consistent with the formation of the Zn(II)-Si(IV) anion with lower 

symmetry than zincate.692 29Si NMR was used to probe reactions of zincate with dimeric silicate 

and cyclic silicate trimer, forming (HO)(SiO2)O(SiO2)OZn(OH)3
6- and (HO)3Zn(SiO3)3

7-, 

respectively. Aluminate and zincate, when present together, competed roughly equally for a 

deficiency of silicate to form (HO)3ZnOSiO2(OH)4- and (HO)3AlOSiO2(OH)3- which exchanged the 

29Si moiety at a fast but measurable rate.692 
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High-energy density aqueous redox flow battery was reported, which was based on the 

use of Zn/Zn2+ and I-/I3- redox couples (Overall reaction: I3- + Zn ⇌ 3I- + Zn2+, E = 1.2986 V).693 

Unlike traditional batteries, such flow-based energy storage systems separated the energy 

storage and power generation by storing the electro-active species in externally flowing 

electrolytes (i.e., anolyte and catholyte), while maintaining the redox reactions at the electrode 

surface.693 Such a design allowed the redox flow batteries to scale the power and/or energy 

independently, which was a characteristic advantage. In the aqueous redox flow battery here, 

Zn(H2O)5(I3)+, a Zn(II)-polyiodide electrolyte was identified and found to initiate precipitation in 

the catholyte.693 67Zn NMR studies were performed on aqueous ZnNO3 and ZnI2 solutions at 

different Zn(II) concentrations as well as the pristine and fully charged ZnI2 catholytes with and 

without EtOH. The work showed that, when EtOH was present in the aqueous electrolyte 

solution, Zn(II) ions form Zn(H2O)5(EtOH)2+ which might partially hinder the formation of 

Zn(H2O)5(I3)+. In other words, the I3- dissociation and subsequent precipitation reaction might be 

mitigated due to the Zn(II)-EtOH complexation.693 

DFT quantum chemical investigation was performed on 67Zn NMR shifts and electric 

field gradients in Zn(II) complexes.694 The calculated shifts were compared with those from 

experiments. 

NMR studies of α atoms of ligands in Zn(II) complexes were also conducted. The crystal 

structure of [MeSi(SiMe2N(p-tol))3Sn]2Zn (134) is different from its group 12 analogues 

[MeSi(SiMe2N(p-tol))3Sn]2M (M = Cd, Hg) in that the Zn ion formed an asymmetrical complex 

where there was a Zn-N bond and the Sn-Zn-Sn interaction.695 The irregularity of the structure 

was also shown in 119Sn NMR with peaks at δ -153.5 and -91.2.695 The binding of the Zn(II) ion 

to the dodecamer [d(GGTACCGGTACC)]2 was investigated via 1H-15N HMBC.696 
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(134) 

 

For 77Se NMR of (PPh4)2[Zn(C3Se5)2] with a diselenolate ligand,626 see Section 12.2. 

 

11.2. Cadmium complexes 

Cd NMR is relatively easy to obtain, given that both 111Cd and 113Cd are spin 1/2 

nuclides with rather high Ξ (and thus frequencies) and receptivities (Table 15). Both 111Cd and 

113Cd NMR of inorganic compounds have been reported, although the latter is preferred. Unless 

noted (in Reference 697), the discussion below is based on Cd(ClO4)2 in D2O as a reference for 

Cd NMR (Table 15). Effects of solvents such as py, MeCN, MeOH, EtOH on the 113Cd shift of 

Cd(ClO4)2 (in comparison to that in D2O) were probed by 113Cd NMR.698 

113Cd chemical shifts are very sensitive to the environments that the metal ions are in, 

including donor atoms, coordination number, geometry and solvent. In Cd-N coordination 

chemistry, 113Cd NMR spectra were used to study the reactions of 15N-enriched KNCS with 

Cd(OTf)2 in aqueous solution of acetone and HCF2Cl (Freon-22) at -110 °C showed 

Cd(H2O)3(NCS)+, Cd(H2O)2(NCS)2, Cd(H2O)(NCS)3
-, and Cd(NCS)4

2- were observed.699 Each 

NCS- substitution led to a deshielded shift of the 113Cd resonance in the δ 19-190 range. 15N 

shifts of the species were in the δ -39 to -60 range. 1J113Cd-15N decreased continuously from 251 

Hz for Cd(H2O)3(NCS)+ to 219 Hz for Cd(NCS)4
2-.699 [Cd(5,5′-diamino-2,2′-bipyridine)3]Cl2 with a 

bipy-analog ligand (135) was characterized by 113Cd NMR, showing the resonance at δ 254.700 

Exchanges of CdNO3 with benzimidazole (136) were studied by 113Cd NMR.701 
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(135)            (136)  (137)        (138) 

 

For Cd(II) complexes with mixed N,X ligands, TpPhCd-O2CMe with a hydrotris(3-

phenylpyrazol-1-yl)borate (TpPh- = 137) ligand, was a catalyst for the formation of 

polycarbonates from epoxides and CO2.702 Binding of the epoxides to the complex was probed 

by 113Cd NMR, as the activation of an epoxide by interaction with the N3,O Cd(II) center was a 

key step in the copolymerization.702 [Cd(μ-F)(μ-dpz)2Cd](BF4)3 [dpz = m-[CH(3,5-dimethyl-1-

pz)2]2C6H4) (138)] with two bridging tetra-dentate N4 ligands and a bridging F- ion showed 113Cd 

shift at δ 25.1 with 1J113Cd−F = 28 Hz.703 

For chemistry of Cd(II) complexes with O-, S- or Se-containing ligands, complexes with 

mono- and di-carboxylic acids in aqueous solution were investigated using 113Cd NMR.704 For 

mono-carboxylic acids such as HCO2H, CH3CO2H, and PhCO2H, a single averaged chemical 

shift was observed even at reduced temperature from rapid exchange in solution. In case of di-

carboxylic acids HO2C(CH2)nCO2H (n = 0-3), the 113Cd nuclei showed increasing shielding with 

larger n.704 For (RS)Cd(μ-SR)2Cd(SR) [R = Si(OBut)3] with mixed S,O-ligands, in which one of O 

atoms in each Si(OBut)3 group formed a dative bond with the Cd(II) ion, 113Cd shift was 

observed at δ 402.705 

In Cd(II) organometallic chemistry, several Tp*Cd-R complexes with different alkyl or aryl 

ligands were studied by 113Cd NMR, including R = Me (δ 437.6), Et (δ 382.9), Prn (δ 386.2), Pri 

(δ 338.6), and Ph (δ 359.8).706 The rather large shift differences between Tp*Cd-Me and Tp*Cd-

Et as well as between Tp*Cd-Prn and Tp*Cd-Pri were attributed to the β effect, i.e., adding a β-C 

to the alkyl ligands.706 Perfluoro-alkyl and aryl complexes Cd(CF3)2, Cd(C2F5)2, Cd(n-C3F7)2, 
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Cd(i-C3F7)2, and Cd(C6F5)2 as diglyme adducts, were probed by 113Cd NMR, giving 113Cd shifts 

(referenced to CdMe2) for Cd(CF3)2 (δ -489.7), Cd(C2F5)2 (δ -432.4), Cd(n-C3F7)2 (δ -439.1), 

Cd(i-C3F7)2 (δ -288.3), and Cd(C6F5)2 (δ -290.0).697 The shift differences between Cd(CF3)2 and 

Cd(C2F5)2 as well as between Cd(n-C3F7)2 and Cd(i-C3F7)2 were probably also the result of the β 

effect,697 as in Tp*Cd-R.706 

113Cd NMR was used to study Cd(II) bio-inorganic chemistry,707-719 including proteins707-

713,719 and enzymes.714-715 A large range of 113Cd shifts was observed for 113Cd-substituted 

metalloproteins from δ -100 for Cd(II) with octahedral O ligands to δ 760 ppm for Cd(II) with 

tetrahedral S ligands.707 For the tetrahedral S sites in proteins such as rubredoxin and 

desulforedoxin, 113Cd shifts were ca. δ 720-745. New 113Cd shifts for 113Cd-substituted, 

overexpressed and mutated homologous desulforedoxin-like Fe(S-Cys)4 proteins, were 

obtained to show a correlation between the 113Cd shifts and structures at the metal sites.707 1H-

113Cd correlation and 1H-1H COSY NMR studies established two distinct protein domains in blue 

crab Callinectes sapidus metallothionein-I.709 Metallothioneins are small, cysteine-rich found 

throughout Nature.710 They are able to bind several different metals with several stoichiometric 

ratios, making the family of proteins important for essential metal (e.g., Zn2+ and Cu+) 

homeostasis, metal storage, metal donation to nascent metalloenzymes and heavy metal 

detoxification.710 In addition, metallothioneins are considered to protect cells against oxidative 

stress with its 20 cysteines. Investigations of the mechanistic details of metal binding to 

mammalian metallothioneins, including the use of 113Cd NMR, were reviewed in 2018.710 For 

Zn(II)-containing Bud31p, a 157-residue yeast protein containing an unusual Zn3Cys9 cluster, 

113Cd NMR experiments with 113Cd-substituted samples were performed to reveal the unusual 

metal cluster in the solution structure of the yeast splicing protein Bud31p.713 Cd(II) derivatives 

of ovotransferrin and human serum transferrin were investigated by 113Cd and 13C NMR.719 113Cd 

NMR was also used to observe directly the exchange dynamics of water at a Cd(II) binding site 

within two de novo designed metalloprotein constructs, showing the residence time of the Cd(II)-
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bound water molecule was tens of nanoseconds at 20 °C in both proteins.712 In addition to the 

proteins and enzymes, Cd(II) bindings to dinucleosides and DNA containing modified 

nucleosides 4-thio-2′-deoxyuridine (s4dU) and 4-thio-2′-deoxythymidine (s4dT) as metal ion 

binding sites was probed by 113Cd NMR.717  

In computational studies of 113Cd NMR, ab initio and DFT methods were reproduced to 

within ~50 ppm of the shifts for Cd(II)-substituted metal ion containing proteins.720 113Cd shifts 

were also calculated using Hartree-Fock and DFT methods for Cd(II) complexes, such as 

CdMe2, CdEt2, CdMeEt, Cd(NO3)2•4H2O, and Cd(O2CCH3)2•2H2O.721 

For NMR of ligands, 113Cd NMR of [MeSi[SiMe2N(p-tol)]3Sn]2Cd (139) showed two 

signals (δ 310 and 201), and the 119Sn NMR showed signals at δ -142.7 and -22.2.695 The 

crystal structure showed it to be a symmetric molecule. 1H ROESY and VT 1H experiments were 

conducted to study the dynamic exchange between two isomers of 139 (Figure 12).695 The 

asymmetric isomer is an analog of the Zn(II) complex 134. 

 

 

 

Figure 12. Dynamic exchange between two isomers of 139. 

 

Tetrahedrally coordinated (Et3NH)6[Cd(SnB11H11)4] (140) was synthesized via the 

reaction of stanna-closo-dodecaborate with CdBr2 and analyzed via 113Cd (δ -42), 119Sn (δ -377) 

and 11B (δ -13.8) NMR.722 
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(140) 

 

In order to elucidate weaker binding sites for Mg(II) in an RNA sample (D1κζ), Cd(II) was 

used in order to more easily study these sites in D1κζ by NMR, as discussed earlier in the 

section on cobalt complexes.500 15N-labelled and/or 13C-labelled D1κζ samples were titrated with 

Cd(ClO4)2 or 113Cd(NO3)2.500 1H, 1H-15N HSQC, 31P, 113Cd, and 1H-13C HSQC NMR spectra were 

studied after each addition of the metal complex.500 

 

11.3. Mercury complexes 

199Hg [spin 1/2, a natural abundance of 16.87%, relative receptivity DC = 5.89 with 

respect to 13C, and Ξ = 17.910822%] is a good nuclide for NMR. There are three major features 

of 199Hg NMR of inorganic complexes: (a) Chemical exchange often faster than Cd(II) 

complexes; (b) Large chemical shift anisotropies; (c) Large coupling constants.1 

199Hg NMR was the subject of a review in 1992.723 Using multinuclear NMR to probe 

speciation of Hg complexes was reviewed in 2006.724 

In Hg(II) coordination chemistry, solvation of Hg(ClO4)2 in H2O, dmso, HC(=S)NMe2, and 

liquid NH3 was studied by 199Hg NMR.725 The work showing a pronounced dependence on the 

coordination number of the Hg(II) ion with 199Hg shifts of >1200 ppm between tetrahedral and 
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octahedral complexes as well as electron donor properties of the solvents. The 199Hg spin-lattice 

relaxation times in the solvates were measured in several applied magnetic fields, 

concentrations, temperatures, and isotope substitutions.725 Additional studies of solvation of 

Hg(ClO4)2 in liquid NH3 and aqueous ammonia solution (when the molar ratio NH3:Hg(II) > 4) 

showed the formation of [Hg(NH3)4](ClO4)2, which was characterized by single-crystal 

diffraction.726-727 When HgCl2 or HgBr2 was dissolved in liquid NH3, Hg(NH3)4
2+ [δ -1065 to -1163 

relative to HgMe2 (at δ = 0) or δ 1188 to 1090 relative to Hg(ClO4)2 (at δ = 0)], although 199Hg 

NMR indicated weak Hg(II) to Br- association.727 In liquid NH3, HgI2 formed Hg(NH3)2I2 at δ -

1902 relative to HgMe2 [δ 351 relative to Hg(ClO4)2] with the Raman μ(I-Hg-I) symmetric 

stretching frequency was 132 cm-1.727 199Hg NMR shifts of the stable HgCln2-n (n = 0-4) were 

determined in 50 mM aqueous Hg(II) solution as a function of the Cl- concentration.728 

HgCl2[N,N′-ButNSe(μ-NBut)2SeNBut] was obtained from the [2 + 2] cyclodimerization of t-

butylselenium diimide SeIV(=NBut)2 with HgCl2, which was characterized by 199Hg (δ -1190) and 

77Se (δ 1093) NMR.729 Linear complex Hg[N(SiMe3)2]2 was studied by 199Hg and 15N NMR, 

including their spin-lattice relaxation times T1 at 243-403 K, 14N quadrupolar cross-correlation 

coefficient, and J199Hg-15N = 316.2 Hz.730 Demethylation of (MeO)3P=O by (NMe4)2[Hg(SPh)4] and 

(NBun
4)[Hg(SPh)3] gave MeSPh, (MeO)2P(=O)2

-, and Hg(SPh)3
- from (NMe4)2[Hg(SPh)4] and 

MeSPh and Hg(SPh)2[(MeO)2P(=O)2]-, respectively.731 199Hg was used to characterize the 

reaction mixtures by comparing with 199Hg shifts of (NMe4)2[Hg(SPh)4] (δ -421) and 

(NBun
4)[Hg(SPh)3] (δ -354) in the identification of the products.731 A series Hg(II) complexes 

containing thiacrown and related aza and mixed thia/aza macrocycles were characterized by 

199Hg NMR.732 The 199Hg shifts of these complexes are listed in Table 16. 

 

Table 16. 199Hg NMR shifts of Hg(II) thiacrown and related aza and mixed thia/aza complexes732 

Complexes 199Hg shifts (δ) 
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[Hg(9S3)2](ClO4)2 (9S3 = 1,4,7-trithiacyclonane) -275 

[Hg(10S3)2](ClO4)2 (10S3 = 1,4,7-trithiacyclodecane) -598 

[Hg(12S3)2](ClO4)2 (12S3 = 1,5,9-trithiacyclododecane) -795 

[Hg(14S4)](ClO4)2 (14S4 = 1,4,8,11-tetrathiacyclotetradecane) -827 

[Hg(16S4)](ClO4)2 (16S4 = 1,5,9,13-tetrathiacyclohexadecane) -1120 

[Hg(15S5)](ClO4)2 (15S5 = 1,4,7,10,13-pentathiacyclopentadecane) -484 

[Hg(18S6)](ClO4)2 (18S6 = 1,4,7,10,13,16-hexathiacyclooctadecane) Not observed 

[Hg(18S4N2)](PF6)2 (18S4N2 = 1,4,10,13-tetrathia-7,16- 

diazacyclooctadecane) 

-737 and -816; Two 

different 

diastereoisomers from 

the relative 

orientations of the two 

H (in N-H) atoms 

[Hg(9N3)2](ClO4)2 (9N3 = 1,4,7-triazacyclononane) 

-948 and -1313; The 

solution is believed to 

be a mixture of 

[Hg(9N3)]2+ and 

[Hg(9N3)2]2+.   

 

In Hg(II) organometallic chemistry, dependence of 199Hg NMR spectra of a variety of 

polyfluoroaryl complexes, such as Hg(C6F5)2 (δ -851), Hg(4-CF3-C6F4)2 (δ -915), Hg(4-MeO-

C6F4)2 (δ -811), Hg(4-F-C6H4)2 (δ -734), C6F5HgEt (δ -604), (4-F-C6H4)HgEt (δ -536), on 

solvents (shifts listed above in CH2Cl2), concentrations, temperatures, and ligands was 

studied.733 199Hg NMR spectra of substituted vinyl Hg(II) halides, such as ClHC=CHHgCl (Z, δ -

1141; E, δ -1160), PhHC=CHHgBr (Z, δ -1018; E, δ -1200), and MeHC=CHHgBr (Z, δ -1056; E, 

δ -1131), showed that shifts of the Z isomers were deshielded from those of the E isomers.734 

Experimental (199Hg and 13C NMR) and theoretical studies of Hg(C≡CPh)2 were conducted to 

obtain shielding and indirect spin-spin coupling tensors in the presence of a heavy atom.735 
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199Hg and 13C spin-lattice relaxation times were studied to probe solution dynamics of 

Hg(C≡CPh)2 and shielding anisotropy of its acetylenic C and Hg nuclides.736 For 

thiosulfatemercuriomethanates Nan[CH4-n(HgS2O3)n] (1 ≤ n ≤ 4), their 199Hg shifts became 

gradually more deshielded with increasing n: n = 1, δ -677; n = 2, δ -577; n = 3, δ -496; n = 4, δ 

-453.737  

A series of Hg-Mo complexes X-Hg-MoCp(CO)2(PAr3) (X = F-, Cl-, Me-, OMe-),738 

Hg[MoCp(CO)2(PAr3)]2,738-739 derivatives with substituted cyclopentadienyl ligands X-Hg-

MoCp#(CO)3
740 and Hg[MoCp#(CO)3]2740 (Cp# = C5HMe2Ph2

-) were studied by 199Hg NMR. 199Hg 

shits of selected complexes include the following: (a) Hg(I) compounds Cl-Hg-MoCp(CO)2[P(4-

Cl-C6H4)3] (δ -523),738 I-Hg-MoCp(CO)2(PPh3) (δ -921),738 X-Hg-MoCp#(CO)3 (Cp#- = 

C5HMe2Ph2
-, X = Cl-, δ -644; X = Br-, δ -827; X = I-, -1169);740 (b) Hg(0) compounds 

Hg[MoCp(CO)3]2 (δ 235.3)739 and Hg[MoCp#(CO)3]2 (Cp#- = C5HMe2Ph2
-, δ 98) with Mo-Hg-Mo 

bonds.740 

In Hg bioinorganic chemistry, 199Hg NMR was used probe Hg(II) binding with L-

cysteine,741 glutathione,742 2-(α-hydroxy-benzyl) thiamin pyrophosphate (Hhbtp) as a model for 

metal binding in thiamin enzymes,716 and the metal sites in Hg(II)-mediated thymine (T)–thymine 

base pair,743 blue copper proteins,744 and the metal receptor site in MerR and its protein-DNA 

complex.745 In Hg(II) complexes with L-cysteine (H2Cys) in alkaline aqueous solutions 

structurally were characterized by extended X-ray absorption fine structure (EXAFS) 

spectroscopy,741 aided by 199Hg NMR and Raman results. In the reaction of K+ salt of 2-(α-

hydroxy-benzyl) thiamin pyrophosphate, K+(hbtp)-, with HgCl2, the product was K2[Hg(hbtp)2Cl2] 

showing 199Hg shift at δ -804.716 In the reaction of Hg(II) ions with 15N-labeled thymidine (T), one 

of the four nucleobases in the nucleic acid of DNA, 199Hg and 15N NMR studies indicated that 

the product was linear T-Hg-T, giving 199Hg δ -1784, 15N δ 184, and 1J199Hg-15N = 1050 Hz.743 

199Hg NMR spectra of the 199Hg-substituted blue copper proteins exhibited shifts of δ -749 for 
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199Hg-plastocyanin and δ -884 for 199Hg-azurin.744 For the metal receptor site in MerR and its 

protein-DNA complex,745 structural insights were provided by 199Hg NMR. The 1- and 2-D NMR 

data showed a trigonal planar Hg-thiolate coordination environment consisting only of Cys side 

chains.745 

In theoretical studies, microsolvation of (HgMe)+ in water, including structures, energies, 

bonding and 199Hg, 13C and 17O NMR constants (chemical shifts and coupling constants), was 

investigated by Hartree–Fock (HF) and second-order perturbation theory (MP2) calculations 

within the scalar and full relativistic frames.746   

NMR studies of α atoms of ligands in Hg complexes were also conducted. There was 

only one signal in both the 199Hg (δ -267.8) and 119Sn (δ 266.2) NMR spectra of 

[MeSi[SiMe2N(p-tol)]3Sn]2Hg, an analog of the Cd(II) complex 139 (Figure 13 in Section 11.2), 

showing that this complex was a symmetric with respect to the Hg(II) ion and it did not isomerize 

as its Cd(II) analogue.695  

The interaction between the oligonucleotide [d(CGCGAATTCGCG)]2 and Hg(II) was 

studied via several NMR methods including 1H-15N HMQC.747 The HMQC studies confirmed that 

the Hg(II) interfered with the AT tract of the oligonucleotide.747 Hg(II)-mediated T-T (thymine-

thymine) pairings were studied via 1-D 15N NMR and 2-D 1H-15N HSQC with J-coupling (2J15N-

15N) of 2.4 Hz for the N-Hg-N moiety.748  

The tetrahedrally coordinated (Me3NH)6[Hg(SnB11H11)4] was synthesized via the reaction 

of stanna-closo-dodecaborate with Hg2Cl2 and analyzed via 199Hg (δ -630), 119Sn (δ -320) and 

11B (δ -14.4) NMR.722 This complex and its Cd analog (Et3NH)6[Cd(SnB11H11)4] (140), discussed 

in Section 11.2, were the first examples of coordination complexes with this stanna-closo-

dodecaborate ligand and group 12 metals.722 

 

12. NMR properties shared by complexes of more than two transition metals. 
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Experimental and theoretical/computational studies 

NMR properties shared by complexes of two transition metals are discussed in their 

respective sections. 

 

12.1. NMR of metals in the complexes 

We found that NMR chemical shifts of d0 transition metal compounds showed the 

following trends:285 (1) For single-bonded ligands such as M-H, M-CR3, MNR3, M-SiR3 and 

MPR3, 1H, 13C, 15N, 29Si and 31P shifts of these  atoms in the complexes of both first- and 

third-row transition metals are typically more deshielded than those of second-row analogs with 

a “V-shape” (Trend 1). (2) For multiple-bonded ligands including those with d-p  bonds, such 

as M=CHR, MCR, M=NR, M=O and M F, 13C, 15N, 17O and 19F shifts of the  atoms in the 

complexes of first-, second- and third-row transition metals become consecutively more 

shielded (Trend 2).285 NMR shifts of lanthanum(III) complexes help interpret Trend 1 in Group 3 

congeners. Scandide (d-block) and lanthanide (f-block) contractions and relativistic effects were 

believed to contribute to the NMR shifts, leading to the observed trends. Comparisons were 

made with NMR chemical shifts of dn complexes and organic compounds. Since many chemical 

properties of the second- and third-row congeners such as Zr and Hf are similar, as a result of 

lanthanide contraction, the NMR chemical shifts were a rare property to distinguish compounds 

of the otherwise nearly identical congeners. Our narrative interpretations of the trends were 

provided.285 

Substituent influence on reported 51V, 55Mn, 57Fe, 59Co, 61Ni, 95Mo, 103Rh, 183W, 187Os and 

195Pt NMR shifts (δ) and coupling constants JM-P (M = Mn, Fe, Mo, Rh, W, Os) in organometallic 

complexes were analyzed, showing shifts depended on the inductive, resonance, and 

polarizability effects of substituents.1,749 The role of polarization effect on the NMR of heavy 

nuclides (51V, 55Mn, 57Fe, 95Mo, 103Rh, 187Os and 195Pt) was reviewed.750 Another study was 
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conducted on the polarizability effect in transition metal CO complexes.751 

NMR peak line widths of quadrupolar nuclides 14N, 53Cr, 59Co, 91Zr and 95Mo in 

supercritical solvents and low-viscosity liquefied gases were smaller than in ambient solvents.249 

For example, both 53Cr and 14N (spin 1, natural abundance = 99.636%, Q = 2.044 fm2, relative 

sensitivity = 1.00 x 10-3, receptivity = 5.90, gyromagnetic ratio = 1.9337792 x 107 rad T-1 s-1, Ξ = 

7.226317%)25-26 are quadrupolar nuclides with broad NMR peaks. 53Cr and 14N NMR of 

Cr(CO)5(CNBut) and Cr(CO)4(CNBut)2 in ambient acetone-d6, pressurized liquid CO2 or 

supercritical CO2 were compared.249 For Cr(CO)5(CNBut), 53Cr shifts were δ 17.9, 15.7 and 36.1, 

respectively, in the three media with peak width reduced from 90 Hz in acetone-d6 to 35 Hz in 

the two CO2 media. Its 14N shifts were δ -171.4, -176.1 and -175.6, respectively, in the three 

media.249 For Cr(CO)4(CNBut)2, 53Cr shifts were δ 60.4 and 52.4 in acetone-d6 and liquid CO2, 

respectively, with peak width reduced from 44 Hz in the former to 34 Hz in the latter. Its 14N 

shifts were δ -174.5 and -178.6 in acetone-d6 and liquid CO2, respectively.249 The studies here 

tested the reduction of quadrupolar relaxation rates in solvents with low viscosity such as 

supercritical fluids. In another example, 91Zr peak width of Cp2ZrCl2 in thf-containing supercritical 

CO2 (CO2:thf = 93:7; v/v) at 323 K was found to be 210 Hz, a significant decrease from 375 Hz 

in ambient thf at 296 K.249 The addition of a small amount of acetone, thf, and CH2Cl2 increased 

the solubilities. 

 

12.2. NMR of ligand nuclides in the complexes 

Multinuclear NMR was demonstrated to be a good tool to characterize complexes with 

σ-silane and σ-borane ligands, distinguishing them from the corresponding hydride silyl or 

hydride boryl oxidative addition products.139 The studies in the area were reviewed in 2008.139 

Several heterometallic cluster complexes with Mo and Te, including (Cp*Mo)2B4TeH5Cl and 

(Cp*Mo)2B4(μ3-OEt)TeH3Cl, were characterized via 11B NMR.752 

119Sn NMR was used to characterize transition metal complexes LnM-SnR2 with terminal 



132 
 

stannylene ligands, including (OC)5WSn(OSiPh3)2 (δ -303, 1J119Sn-W = 1660 Hz), MeSi[SiMe2N(p-

tolyl)]3Sn-Rh(PEt3)(cod) (δ -140.5, 1J119Sn-Rh = 846 Hz), and (Ph3P)3Pt-Sn(acac)2 (δ -601, J119Sn-Pt 

= 1.289 x 104 Hz).753 The research in the area was reviewed in 2009.753 119Sn NMR was also 

used to characterize CpM(CO)3[Sn(C6H3-2,6-Mes2)] (Mes = 2,4,6-Me3-C6H2; M = Cr, Mo, W), 

CpM(CO)3[Sn(C6H3-2,6-Trip2)] (Trip = 2,4,6-Pri
3-C6H2; M = Cr, Mo, W), and (η5-1,3-

ButC6H3)Mo[Sn(C6H2-2,6-Trip2)] (δ 2543).754 

15N coordination shifts in transition metal complexes with N-containing heterocycle 

ligands (azines, azoles and azoloazines like purines or 1,2,4-triazolo-[1,5a]-pyrimidines) were 

reviewed and discussed with respect to the metal ions and the donor atoms in trans position 

with respect to the 15N atom.755 Here, the coordination shifts are the differences between 15N 

shifts of the N atoms in the complex and the free ligand [Δ(15N) = δcomplex – δligand].755 

14N and 15N NMR studies of imide ligands were conducted for 37 Ta, Mo, W, Re and Os 

complexes, including Ru3(μ-H)2(μ3-15NH)(CO)9 (δ -297.7), trans-TaCl(15NPh)(PMe3)4 (δ -76.6), 

W(NBut)2(OBut)2 (δ -11), [Mo(15NH)(S2CNEt2)3]CI (δ 40.0), trans-[ReCl(15NH)(dppe)2]Cl2 (δ 

67.1), and Os(NBut)4 (δ 155.6).756 The studies showed that 14N and 15N NMR spectroscopy was 

a probe of bonding, bending and fluxionality of the imido ligands.756 Reviews in 2008757 and 

2013758 together covered the 15N NMR and the 31P NMR of over 300 complexes. These 

complexes contain metal ions such as Ni(0), Pd (II), and Au(III) with N- or P-containing 

heterocyclic ligands such as pyridine, 1,10-phenanthroline, or phosphorin.758 Line broadening in 

variable-temperature and -pressure 14N, 13C, and 1H NMR spectra was used to study the 

exchange of bidentate ethylenediamine (en) ligands in Co(II), Fe(II), and Mn(II) complexes.759  

Further studies of solvent exchange of N-containing ligands 1,3-propanediamine (pa) and n-

propylamine (tn) were conducted with variable-temperature 14N NMR, and the results were 

compared with the data from the en exchange studies.760 The order of rate constants for these 

exchanges increases in the order of en < tn < pa for each metal ion. For example, the rate 
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constants (k298) for Mn(II) are 1.7 x 106 s-1 for en, 2.5 x 106 s-1 for tn, and 3.7 x 107 s-1 for pa.759-

760  

1H-15N HSQC and super-WEFT 1H NMR (WEFT = water elimination Fourier transform), 

a method to suppress water signals, were used to probe the coordination of Co(II), Ni(II), and 

Zn(II) ions to a section of DNase domain of colicin E9.761 The interactions of Ag(I)- and Cd(II)-

substituted amicyanin with the periplasmic enzyme MADH (methylamine dehydrogenase) were 

investigated via several NMR techniques including 1H-15N HSQC and 15N-decoupled TOCSY.762 

15N and 19F NMR spectroscopies as well as DFT calculations were used to investigate the 

linearity of the M-NO section of the [RuF5NO]2- anion by comparing the splitting patters and line 

widths of the signals of the 15N-enriched and nonenriched samples of [RuF5NO]2-.763 The data 

for the Ru compound was compared also to the 13C and 15N NMR of the structurally similar 

[Fe(CN)5NO]2− (15N- and 13C-enriched) anion.763 17O NMR was also used to probe the kinetic of 

proton exchange on dioxytetracyanometalate complexes [MO2(CN)4](n+2)- (M = Mo, W, Tc, Re; n 

= 0,1,2)764 as well as of oxygen exchange on di- and monoprotonated complexes 

[MO(OH2)(CN)4]n- (M = Mo, W, Tc, Re; n = 1,2) and [MO(OH)(CN)4](n+1)- (M = Mo, W, Tc, Re; n = 

1,2).765 17O NMR has also been used to study water and other oxygen-containing solvent 

exchanges on metal compounds such as aquapentakis(amine)metal(III) complexes,766 such as 

[Co(CH2NH2)(H2O)]3+ and paramagnetic aminopolycarbonate complexes, such as 

[Fe(TMDTA)]2- (TMDTA = trimethylenediaminetetraacetate).767 

Water and H+ exchange processes on metal ions, studied by 17O NMR, were the subject 

of a 2005 review.768 17O NMR spectrum of an 17O-enriched sample of PW11O39
7- and results from 

other techniques “indicate that previously assigned terminal Pt-oxo and Au-oxo complexes are 

in fact cocrystals of the all-tungsten structural analogues with noble metal cations, while the Pd-

oxo complex is a disordered Pd(II)-substituted polyoxometalate.”769 In other words, the oxo 

wall770 stands. 

17O NMR shifts of oxo metalloporphyrin complexes of Ti, Cr, and Ru, such as 
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M(TMP)(=O) (H2TMP = tetramesitylporphyrin) were found to correlate with the strength of the 

M=O bonds.137 The fluxional behaviors of [(Rh(cod))2(V4O12)]2- and [Rh(cod))(V4O12)]3- (cod = η4-

1,5-cyclooctadiene) were studied via 51V and 103Rh NMR along with variable-temperature 17O 

NMR.771 Carbonyl complexes (1,3,5-Me3C6H3)Cr(CO)3, (1,3,5-Me3C6H3)W(CO)3, [(1,3,5-

Me3C6H3)Mn(CO)3]BF4, (1,3,5-Me3C6H3)Co4(CO)9, (1,3,5-Me3C6H3)Ru6C(CO)14, and Ru6C(CO)17 

show 17O shifts in the range of about δ 340-400.772 Since the 17O signals could not be observed 

for all the complexes in a single solvent, various solvents such as CH3CN, CDCl3, and (CD3)2CO 

were utilized.772 

 33S NMR was used to characterize several bidentate thiometallate complexes 

(NEt4)2[MS4] (M = Mo, δ 373; M = W, δ 183) and (NH4)2[MS4] (M = Mo, δ 344; M = W, δ 149).773  

33S NMR was also used to study heterometallic complexes (NPrn
4)2[(CN)CuS2MS2] (M = Mo, δ 

445; M = W, δ 248), (NPrn
4)2[(CN)AgS2MoS2] (M = Mo, δ 257; M = W, δ 106), 

(Prn
4N)2[(CN)CuS2MoS2Cu(CN)] (M = Mo, δ 139; M = W, δ 16), and (NPrn

4)2[(PhS)CuS2MoS2] (δ 

436).773 

77Se NMR was used to characterize several complexes with the 1,3-diselenole-2-selone-

4,5-diselenolate ligand [C3Se5
2- (141)], including (PPh4)2[Zn(C3Se5)2] (δ Se1, 105; Se2, 1067; 

Se3, 1134), (NBun
4)2[Pt(C3Se5)2] (δ Se1, 420; Se2, 1116; Se3, 1227), and (NBun

4)[Au(C3Se5)2] (δ 

Se1, 729; Se2, 1121; Se3, 1330).626  

 

 

 

(141) 

 

12.3. Theoretical and computational studies of NMR 

Several reviews on calculations of transition metal NMR parameters,774-777 including the 
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DFT methods to calculate NMR shifts,774-775 methodology and computations of nuclear shielding 

and spin–spin coupling constants,776 and developments of theoretical methods between 1999 

and 2004.777 

1H NMR shifts of agostic H atoms in planar d8 transition metal complexes were in a 

rather large range of 5 to -10 ppm.778 When the agostic H atom points to a local Lewis acidic 

center at the metal, the 1H NMR peak is shifted to be more shielded than that of the complex 

where the H atom is opposing a local charge concentration at the metal. The origin of the 

relationship was studied by a topological method.778 

11B NMR of (Cp*M)2B5H9 (M = Cr, Mo, W) showed shifts of the two types of B atoms 

directly bound to the metal atoms experienced a large, more shielded shift going from Cr to Mo 

to W, whereas the shifts for the B atoms connected to the metal atoms via M-H-B bridge bonds 

were invariant.779 Molecular orbital analysis of the trend traced the origin to two high-lying filled 

MOs and two low-lying unfilled MOs, both with M and B character. The energy differences of 

these sets of MOs correlated well with the observed chemical shifts.779 DFT computational 

studies of structures and properties of transition metal dicarbollide complexes were conducted 

and reproduced the 11B NMR shifts reasonably well.780 

Thermal effects and vibrational corrections were studied in the calculations of NMR 

shifts of 49Ti, 51V, 55Mn, and 57Fe shifts.781 

 

13. Advanced NMR techniques and methods 

 This section provides an overview of advanced solution NMR techniques and methods 

used to characterize transition metal compounds. 

 

13.1. 2-D NMR 

The 2-D NMR methods are discussed in the recent book by Lambert.4 The use of 2-D 

NMR to study supramolecular complexes was reviewed in 2007.782 
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2-D NMR methods, in particular, inverse detection such as HMQC, HSQC, or HMBC to 

increase the sensitivity of the nuclides, indirectly determine chemical shifts of, e.g., 57Fe358-360 

and 187Os361-362 (Section 7), 183W (Section 5.3), and 103Rh (Section 10). 1H-15N HMBC was also 

used to obtain 15N (spin 1/2) NMR shifts of complexes at the natural abundance of 0.364%.240-

243,360,521,783 Often, different versions of the techniques such as gradient-selected gHMQC, 

gHSQC,783 and gHMBC240-243,360,521 were used. 

In addition to obtaining NMR of the less sensitive nuclides, HMQC,4 HSQC,4 and HMBC4 

such as 1H-13C spectra were used to assign 1-D 1H and 13C spectra and structures of the 

complexes.6,154,783-786 Homonuclear 1H-1H COSY (Correlated Spectroscopy)4,6,783,787 and 1H-1H 

TOCSY (Total Correlated Spectroscopy)783,787 were also used to assign spectra and structures 

of the complexes, giving through-bond correlations via spin-spin coupling in the molecules.  

When studying H atoms that are close to each other in space but are not bound, 1H-1H 

NOESY (Nuclear Overhauser Effect Spectroscopy)4,788 was used to study the signals from the 

through-space correlations via spin-lattice relaxation,783,789 including solution structures of ion 

pairs such as the through-space 1H…..1H interactions between the cation and anion in trans-

[Ru(CO)(en)(PMe3)2(COMe)]BPh4.790 NOESY could be used to detect chemical and 

conformational exchanges,782,791-794 which is also called EXSY when it is used for this 

purpose.782,791-792  

13C-13C NOESY was demonstrated to be an attractive alternative for studying large 

macromolecules.795 13C direct detection provides a valuable alternative to 1H detection to 

overcome fast relaxation because of its smaller magnetic moment.795 Applications of the 13C-13C 

NOESY for studying metalloproteins were recently reviewed,796 including advantages and 

drawbacks of the method as a function of the molecular size of the metalloproteins. It provided 

information on the presence/absence of multiple conformations in slow or semi-slow exchange 

on the NMR chemical shift time scale for amino acid side chains. 13C-13C NOESY was the gold 

standard for the observation of NMR signals in the 480 kDa ferritin nanocage and for monitoring 
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its interaction with Fe ions in the protein. When the protein size was decreased, the technique 

gradually lost its importance as a tool for the detection of the complete spin pattern of the amino 

acid side chains, as exemplified by Ni-dependent regulatory protein, NikR (molecular mass of 

the homo-tetramer ~80 kDa). In very small proteins, such as mitochondrial cytochrome c (12.3 

kDa), only cross peaks between adjacent 13C nuclei were detected, which was used to assign 

the 13C core resonances of the porphyrin in a uniformly enriched heme.796 

ROESY4,797 is a 2-D NMR spectroscopy similar to NOESY. In NOESY, cross relaxation 

from an initial state of z-magnetization is observed. In ROESY, equilibrium magnetization is 

rotated onto the x axis and then locked so it cannot precess. ROESY is particularly suitable for 

medium size molecules (molecular weight around 700-1200) whose nuclear Overhauser effect 

is too weak to be detectable. 

HOESY (Heteronuclear Overhauser Effect Spectroscopy), such as 1H-19F HOESY,790,798-

800 was used to characterize solution structures of ion pairs such as the through-space 1H…..19F 

interactions between peripheral H atoms on the cation and F-containing anion in 

[Au(PPh3)2]BF4.798 

 

13.2. PGSE and DOSY 

Pulsed-Field Gradient Spin-Echo (PGSE) and Diffusion-Ordered Spectroscopy (DOSY) 

are diffusion NMR techniques to determine the size and shape of many molecular systems in 

solution.782,801 When PGSE spectra are presented in a 2-D format, in which the chemical shifts 

are displayed in one dimension and the diffusion coefficient in the second one, the technique is 

called DOSY.4,782 These two techniques were reviewed, especially their applications in inorganic 

and organometallic chemistry.782,801 The applications included assessing aggregation state of 

molecules or supramolecules, character of intermolecular interactions, stability or association 

constants between different hosts and guests. DOSY has been called “NMR chromatography” 

for its ability to “separate” the components of a complex mixture according to their diffusion 
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coefficients.782 

PGSE measurements using 1H, 19F, 31P or 35Cl NMR were performed on phosphine 

ligands and transition-metal complexes such as Pt(PMe2Ph)2Cl2, [Pt(PMe2Ph)Cl(μ-Cl)]2, [Pd[o-

(Ph3P=N)-C6H4](PPh3)(Me2NCH2CH2NMe2)]OTf, demonstrating that the four nuclides were 

complementary for PGSE.802 Solvent dependence of the diffusion values of several Pd(II) salts 

suggested that ion pairing was a major contributor in HCCl3, important in CH2Cl2, but small in 

acetone and MeOH.802 PGSE NMR studies were performed to determine sizes of dendritic 

phosphine-gold(I) thiolate complexes.803 

DOSY studies of cis- and trans-[Ta(μ-OMe)Me(=NSiMe3)[N(SiMe3)2]]2 in equilibrium 

demonstrated that they existed as dimers in solution.245 DOSY was used to characterize 

paramagnetic transition metal complexes, demonstrating that technique was capable of 

assessing the purity and speciation of paramagnetic complexes, and also provided a convenient 

method to provide qualitative and sometimes quantitative molecular weight data.804 

 

13.3. EDNMR, HYSCORE and ENDOR 

 For paramagnetic compounds with unpaired electrons, electron-electron double 

resonance (ELDOR)-detected NMR (EDNMR),805 hyperfine sub-level correlation 

(HYSCORE),806-807 and electron-nuclear double resonance (ENDOR)807-809 were used to detect 

hyperfine couplings between magnetic nuclides and unpaired electrons, thus helping to 

elucidate molecular and electronic structures. These techniques were employed to study 

hyperfine interactions in polyoxometalate PV2Mo10O40
6- with one reduced V(IV) ion.198 In the 17O-

enriched anion, 95Mo, 17O, 51V and 31P nuclides had hyperfine interactions on the EPR 

resonance. The stronger interactions with 95Mo and 17O were probed by EDNMR and the 

weaker ones with 51V and 31P were studied by ENDOR.198 The EDNMR technique805 led to the 

observations of EPR, (95Mo and 17O) NMR, and ELDOR transitions and determination of 17O 

and 95Mo Larmor frequencies.198 2-D HYSCORE spectra correlate nuclear frequencies from 
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different electron-spin manifolds and resolve the hyperfine couplings. The studies here showed 

that there were two isomers of PV2Mo10O40
6- in solution.198 ENDOR has also been used to study 

metalloenzymes and other metalloproteins.807,809 

 

13.4. Measurement of the relaxation time 

Deuterium 2H NMR spin-lattice relaxation times (T1) were measured in solution for the D 

ligands of transition metal hydride complexes and used for the calculation of deuterium 

quadrupole coupling constants and of the ionic contribution to the M-D bonds.810 

13C and 17O T1 times were measured for M(CO)6 (M = Cr, Mo, and W) at two 

temperatures in CDCl3.811 13C T1 values at two magnetic field strengths were utilized to calculate 

reorientational correlation times which, together with 17O T1 values, yielded values for the 

quadrupole coupling constants for 17O nuclides in the molecules, which were used to investigate 

π bonding in the compounds.811 This method was also used to study π bonding in W(CO)5L (L = 

pyrazine, pyridine, quinuclidine, NMe3) and M(CO)5(quinuclidine) (M = Cr, Mo).812 

Inverse-detection methods were reported to determine spin-lattice relaxation times (T1) 

of transition metal nuclides.379 For insensitive spin 1/2 transition-metal nuclides, direct T1 

measurements were challenging, as very long measurement times were required even for large 

volumes of highly concentrated or labeled samples. The inverse-detection methods were 

demonstrated for 57Fe, 103Rh, and 187Os in organometallic complexes.379 

Indirect measurements of nuclear spin relaxation rates of nuclides with low gyromagnetic 

ratio (γ) was recently demonstrated using the satellite exchange.813 The method did not require 

the observation of the low-γ nuclide, but required that it be scalar-coupled to an NMR 

observable nuclide, such as 31P or 1H. Thus, this method was especially attractive for the study 

of diamagnetic transition metals in complexes. When spin relaxation was dominated by 

chemical shift anisotropy (CSA), it is possible to determine T1 of the metal by the method, as 

illustrated for 195Pt and 107/109Ag.813 
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13.5. Dynamic and variable-temperature (VT) NMR from chemical exchanges and reactions 

The use of EXSY to study chemical exchanges was overviewed in Section 13.1. 

Other methods to study chemical exchanges were discussed in two monographs 

published in 1975814 and 1982.815 They were also covered in later books on NMR.6,816 

Exchanges between two isomers or ligands at the NMR time scale may be studied by 

VT NMR. This method has been widely used to obtain exchange rate constants at different 

temperatures,817-820 leading to the calculations of activation energies, enthalpies and 

entropies.818-820 For example, alkyl alkylidyne (Me3SiCH2)3W(CSiMe3)(PMe3) and its bis-

alkylidene isomer (Me3SiCH2)2W(=CHSiMe3)2(PMe3) were found to undergo tautomerization, 

reaching an equilibrium.818,821 The exchange was studied by VT NMR at 273-301 K, giving 

forward and reverse rate constants k = 1.42 x 10-5 s-1 and k′ = 1.16 x 10-6 s-1, respectively, at 

278 K. The activation parameters are H = 67.8 kJ/mol and S = -92 J/mol·K for the forward 

reaction and H = 75.3 kJ/mol and S = -88 J/mol·K for the reverse reaction.818,821 

Chemical reaction converting reactants to products were also studied by VT NMR to 

obtain rate constants.822-823 Pentaneopentyltantalum Ta(CH2But)5 was directly observed as a 

precursor to the archetypical Schrock-type alkylidene complex (ButCH2)3Ta=CHBut.822,824 

Ta(CH2But)5 was, however, short lived, and its 1H NMR resonances were mixed with those of 

other species in a fairly narrow region.824 D-labeled Ta(CD2But)5 was prepared and kinetic and 

mechanistic studies of its conversion to (ButCD2)3Ta=CDBut were performed by VT NMR at 

273-298 K, giving ΔH≠ = 82.3 kJ/mol and ΔS≠ = -17 J/mol·K for the -D abstraction reaction.822 

This work resolved a long-standing issue in inorganic and organometallic chemistry regarding 

the pathway in the formation of the archetypical alkylidene complex.822 

The equilibrium mixture of W(CH2SiMe3)3(CSiMe3)(PMe3) and its bis(alkylidene) 

tautomer W(CH2SiMe3)2(=CHSiMe3)2(PMe3) discussed in a previous paragraph underwent an -
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H abstraction reaction in the presence of PMe3 to form alkyl alkylidene alkylidyne 

W(CH2SiMe3)(=CHSiMe3)(CSiMe3)(PMe3)2 at 333.2-363.2 K with the elimination of SiMe4.823 In 

the presence of PMe3, the conversion to W(CH2SiMe3)(=CHSiMe3)(CSiMe3)(PMe3)2 followed 

first-order kinetics, and the observed rate constant was found to be independent of the 

concentration of PMe3, giving activation parameters for the reaction, H = 118 kJ/mol and S 

= 13 J/mol·K.823 

 

13.6. NMR studies using parahydrogen (p-H2) 

For reactions involving H2, p-H2 may be used to improve NMR sensitivity and probe the 

mechanism of reactions such as catalytic hydrogenation of organic substrates. The studies in 

the areas were reviewed.825-830 

H2 with two spin 1/2 nuclides occurred in two isomeric forms, one with its two spins 

aligned parallel (orthohydrogen, o-H2; spin I = 1, 2I + 1 = 3) and the other with the spins aligned 

antiparallel (parahydrogen, p-H2). p-H2 (I = 0, 2I + 1 = 1) was in a lower energy state than o-H2 

in approximately p-H2 : o-H2 = 1 : 3 at room temperature and thermal equilibrium, reflecting the 

3-fold degeneracy of o-H2 and nearly equal population of the four energy levels. When H2 was 

cooled, o-H2 slowly converted to p-H2, reaching ~1:1 ratio at 77 K. The use of such p-H2-

enriched hydrogen in chemical reactions may lead to p-H2-induced polarization (PHIP), as the 

NMR signal intensity depended on the population difference, giving enhanced signals in the 

spectra of molecules derived from p-H2.830 Also, the associated resonances had antiphase 

character. Before the system re-established the Boltzmann population distribution via relaxation, 

NMR may be used to probe the newly formed spin state and larger than normal coherences 

could be generated for detection.830 Applications of p-H2 NMR included detection of 

intermediates, rapid product characterization and detection of hereronuclei, deduction of 

reaction stereochemistry, elucidation of pairwise reaction mechanisms, measurements of 
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reaction kinetics.830 

In the reactions of Pt[(η-CH2=CHSiMe2)2O](PCy3) with HSiEt3, p-H2 and PR3, yielding 

cis-Pt(PCy3)(PR3)(H)2 (PR3 = PCy2H, PPh3 or PCy3), p-H2-enhanced NMR methods enabled the 

detection of the Pt(II) dihydride complexes which then underwent hydride site interchange and 

H2 reductive elimination on the NMR timescale.831 p-H2-induced polarization was used to 

investigate alkyne hydrogenation and oligomerization using, e.g., Pd(dcpe)(OTf)2 (dcpe = 

Cy2PCH2CH2PCy2) as a catalyst precursor.832 The enhanced NMR resonances led to the 

identification of an alkyl palladium intermediate [Pd(dcpe)(CHPhCH2Ph)]OTf.832 

Other NMR techniques were developed based on the use of p-H2, including SABRE 

(Signal Amplification by Reversible Exchange) as a recently emerged hyperpolarization 

method.827,833-835 In this method, hyperpolarization of substrate molecules may be obtained even 

when they weakly associated to a suitable metal complex together with p-H2. The reversible 

association provided a transient scalar coupling network through which the spin order of p-H2 

could be transferred to the nuclear spins of the substrate.833 When a suitable co-substrate was 

used, substrates may be hyperpolarized at concentrations below that of the metal complex.834  

SABRE approach was used to hyperpolarize the substrates indazole and imidazole in 

the presence of the co-ligand MeCN in, e.g., [Ir(IMes)(H)2L3]Cl [IMes = (128), L = indazole or 

imidazole as substrate] prepared using p-H2.835 Quantitative trace analysis of mixtures using 

SABRE hyperpolarization was reported, using [Ir(IMes)(H)2L3]Cl (L = substrate).833 DFT 

computations and EXAFS studies were performed to study the interaction of [Ir(IMes)(H)2L3]Cl 

(L = py, 1-methyl-1,2,3-triazole) generated by p-H2 with substrate (py) and co-substrate (1-

methyl-1,2,3-triazole) as co-substrate that were relevant for SABRE in dilute systems.834 It was 

also demonstrated that the hyperpolarized labile ligand/substrate L in [Ir(IMes)(H)2L3]Cl (L = 

nicotinamide, nicotinate, niacin, pyrimidine, and pyrazine), which was obtained from the reaction 

of IrCl(IMes)(cod) with p-H2 and L, dissociated from the Ir(III) center.836 The L molecules may 

then replace an OTf- ligand in Pt(OTf)2(bdppp) (bdppp = bis-diphenylphosphinopropane), thus 
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transferring the hyperpolarization to the second metal complex. 31P NMR resonance of the Pt(II) 

complex was found to be enhanced.836 In other words, the hyperpolarization at the initial Ir(III) 

complex was passed onto the Pt(II) complexes in the SABRE-relay process.836 

 

13.7. High-pressure NMR 

High-pressure NMR were reviewed in 1996, giving details of the technique and its 

applications in organometallic chemistry.837 

1H and 17O NMR studies of dmf exchange with [Ti(dmf)6]3+ as a function of pressure were 

discussed in Section 3.1.133 The 99Tc NMR spectrum of fac-Tc(13CO)3(H2O)3
+ under 13CO (49 

atm, Figure 3) was discussed in Section 6.2.336-337 In Section 8.1 on Co NMR, the use of 59Co 

NMR line-shape analysis to study Co carbonyl complexes249,480,484 and the hydroformylation 

reaction in supercritical CO2 was discussed.484 

High-pressure NMR was often used to study homogeneous catalytic reactions involving, 

e.g., H2 or CO.336-337,838-840 Solution NMR studies under the high pressure of a gas were often 

conducted in a sapphire NMR tube.336-337 A new, convenient flow cell for high-pressure NMR for 

in-situ study of homogeneous catalysis was reported, which could operate over the pressure 

range 1 to 197 atm and temperature range of -40 to 175 °C.838 High-pressure NMR was used to 

study the reaction of Pt(bdpp)Me(SnCl3) [bdpp = (2S,4S)-2,4-bis(diphenylphosphino)pentane 

(142)] with CO and CO/H2 mixture.839 Under 49 atm, CO/H2 = 1/1 pressure at 273 K, 

Pt(bdpp)MeH was detected, which then converted to [PtMe(CO)(bdpp)]SnCI3 and 

[Pt(COMe)(CO)(bdpp)]SnCI3.839 High-pressure NMR studies were conducted on the migratory 

CO insertion on PtMe(P,P)Cl and [PdMe(P,P)(MeCN)]OTf containing a variety of bidentate, Cs-

symmetrical 1,4-diphosphines such as 1,2-(Ph2PCH2)2-C6H4.841 The studies yielded rate 

constants.841 
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(142) 

High-pressure 17O NMR studies of polyoxoions in water, focusing on the metal ions of 

interest in environmental chemistry and geochemistry, were reviewed in 2008.842 These 

polyoxoions included monomeric Al(H2O)6
3+, M3(μ3-E)(μ-E)3(H2O)9

4+ (M = Nb, Mo, W; E = S, O), 

HxM6O19
(8-x)- (M = Nb, Ta), HxM10O28

(6-x)- (M = V, Nb, Ta), MO4Al12(OH)24(H2O)12
7/8+ (M = Al, Ga, 

Ge).842 The 2008 review focused on the clusters for which high-pressure 17O NMR yielded 

reaction kinetics and activation parameters.842 

 

13.8. Rapid-injection NMR 

A rapid-injection NMR method was reported in 2010 to allow the observation of fast 

chemical reactions in real time by NMR.843 Design, validation, and implementation of the system 

were reported.843 The method was used to study pre-transmetalation intermediates in the 

Suzuki-Miyaura reaction, which had been elusive. Species with Pd(II)-O-B linkages, such as (4-

F-C6H4)(Pri
3P)2Pd-O-B(OH)(4-F-C6H4), were identified,546 with more details of the studies 

published later.547  

 

13.9. Other advanced NMR techniques and methods 

Several other advanced NMR techniques and methods were used in the studies of 

transition metal compounds. 

LED-illuminated NMR spectroscopy was reported for mechanistic studies of 

photochemical reactions.844 This approach involves placing in-situ light illumination [using a 

light-emitting diode (LED)] inside an NMR spectrometer. This method, e.g., was used to study 

photodecomposition of a ferrioxalate ion Fe(C2O4)3
3- in solution to Fe(C2O4) and CO2 (detected 
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directly by 13C NMR).844 

1H NMRD (Nuclear Magnetic Relaxation Dispersion) was used to study phthalate 

dioxygenase,845 which was involved in the degradation of phthalate by the soil bacterium, 

Pseudomonas cepacia DB01. T1
-1 measurements at magnetic fields between 0.01 and 50 MHz, 

showing evidence for displacement of water on binding substrate. NMRD is a tool to estimate 

parameters influencing nuclear relaxation.845 

Combination of 2-D EXSY and 1-D saturation transfer method was used to study the 

binding of imidazole, 1-methylimidazole, 1-ethylimidazole to the heme iron in metmyoglobin.846 

Some heme peripheral H resonances were assigned. The rates and equilibrium constants for 

the binding of the compounds to metmyoglobi were calculated from the EXSY peak 

amplitudes.846 

 

14. Conclusion 

Over the 30 year span (1990-2019) covered in the current review, there was much 

progress in NMR techniques and applications. The vast number of NMR shift data led to the 

finding of trends of the NMR shifts in transition metal complexes, as we recently found for d0 

complexes.285 Among the challenges that remain are solution 175Lu, 227Ac, 177Hf/179Hf, 193Ir and 

197Au NMR of their complexes, as we did not find papers on the solution NMR of these nuclides 

and they were not reported in earlier books.1,3 We hope to see breakthroughs in the solution 

NMR of these nuclides. Solution 181Ta and 185Re/187Re NMR spectra of their complexes were 

reported prior to 1990 and we did not find papers on their NMR in our search of the literature 

since 1990. Similarly, 105Pd NMR of H2PdX6 (X = Cl-, Br-) was first reported in 1984 with 

additional details provided in 1996.399 Given the importance of these transition metals in, e.g., 

catalysis and materials sciences, we hope to see more use of the NMR of these nuclides in the 

studies of their complexes. NMR of both metals and ligands will continue to play a critical role in 

the studies of transition metal complexes. 
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